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vFOREWORD
These gudelnes provde updated nformaton regardng the natural envronment for alttudes between  
the surface of the Earth and 90 km alttude for the prncpal NASA aerospace vehcle development, operatonal, 
and launch locatons and assocated local and worldwde geographcal areas.
These gudelnes supersede all edtons of NASA Technical Memorandum 4511 enttled, “Terrestral 
Environment (Climatic) Criteria Guidelines for Use in Aerospace Vehicle Development” dated August 1993. It 
is recommended for use in the development of design requirements and specifications for aerospace vehicles and 
assocated equpment. The orgn of ths Terrestral Envronment (Clmatc) Crtera Gudelnes dates to the early 
1960s. It was orgnally conceved and the early edtons prepared under the drecton of Glenn E. Danels of the 
NASA Marshall Space Flght Center’s Aerospace Envronment Dvson. Ths report has also been provded to  
the NASA Technical Standards Program for publication as NASA-HDBK-1001A.
The nformaton presented n these gudelnes s based on data and models consdered to be accurate. 
However, n those desgn applcatons that ndcate a crtcal envronment nterface, the user should consult  
an environmental specialist to ensure application of the most current information and scientific engineering  
nterpretatons.
Various NASA programs have provided resources required for the preparation of these guidelines. Major 
support came from NASA Headquarters Office of Safety and Mission Assurance, Space Operations Mission, 
Exploration Systems Mission, and NASA Chief Engineer.
Many references, ncludng key documents such as: (1) NASA/TM—2008–215581, “The NASA MSFC 
Earth Global Reference Atmospheric Model–2007 Version (GRAM–07),” (2) NASA CR—1998–208859,  
“A Compendium of Wind Statistics and Models for the NASA Space Shuttle and Other Aerospace Vehicle Pro-
grams,” and (3) NASA TM—2000–21–131, “Analyss and Assessment of Peak Lghtnng Current Probabltes  
at the NASA Kennedy Space Center,” have been included in this guideline revision as an update to the original  
NASA Technical Memorandum 4511 publshed n August 1993.
Requests for techncal nformaton, correctons, or addtons to ths document should be drected to  
the Chief, Natural Environments Branch, NASA Marshall Space Flight Center, Marshall Space Flight Center,  
AL  35812. Requests for general nformaton concernng the contents of these gudelnes should also be sent to  
the Chief, Natural Environments Branch, NASA Marshall Space Flight Center, Marshall Space Flight Center,  
AL  35812. Ths document may also be vewed and downloaded as NASA/TM—2008–215633, free of addtonal 
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TECHNICAL	MEMORANDUM
TERRESTRIAL ENVIRONMENT (CLIMATIC) CRITERIA GUIDELINES 
FOR USE IN AEROSPACE VEHICLE DEVELOPMENT, 2008 REVISION
1.  INTRODUCTION
1.1  General











In general, this document does not specify how the designer should use the data in regard to a specific 
aerospace	vehicle	design. Such specifications may be established only through the analysis and study of a particu-










mission	planning,	and	operational	studies	use	this	document	extensively.	The Glossary of Meteorology and  
Glossary of Weather and Climate,	published	by	the	American	Meteorological	Society,	45	Beacon	Street,	Boston,	









1.2  Engineering Importance
It is important to recognize the need to define the terrestrial	environment	very	early	in	the	design	and	
development	cycle	of	any	aerospace	vehicle.	The	bibliography	for	section	1	provides	a	number	of	documents		
that address this subject. This need is especially true for a new configuration such as the new Constellation Ares I 	
and Ares V vehicles (see fig. 1-1), or any other future launch vehicle. Using the desired operational	capabilities,	
launch locations, and flight profiles for the vehicle, specific definitions of the terrestrial	environment	can	be	pro-
vided	which,	if	the	aerospace	vehicle	is	designed	to	accommodate,	will	ensure	the	desired	operational	capability	
within the defined design	risk	level.	It	is	very	important	that	those	responsible	for	the	terrestrial environment defi-
nitions	for	the	design	of	an	aerospace	vehicle	have	a	close	working	relationship	with	program	management	and	
design	engineers.	This	will	ensure	that	the	desired	operational capabilities are reflected in the terrestrial	environ-





specific launch and landing location(s), vehicle configuration, and expected mission(s). Vehicle design,	operation,	
and flight procedures can be separated into particular categories for proper assessment of environmental influ-
ences	and	impact	on	the	life	history	of	each	vehicle	and	all	associated	systems.	These	include	categories	such		
as	(1)	purpose	and	concept	of	the	vehicle,	(2)	preliminary	engineering	design,	(3)	structural	design,	(4)	control	
system	design, (5) flight mechanics, orbital	mechanics,	and	performance	(trajectory	shaping),	(6)	optimization		
of	design limits regarding the various natural environmental factors, and (7) final assessment of the natural envi-












is	key	to	establishing	the	necessary	terrestrial	environment	requirements for the vehicle’s final design.	A	single	
source	(central	control	point)	responsible	for	the	terrestrial	environment	inputs	and	their	interpretation	is	impor-











































Figure	1-2.		Natural	terrestrial environment definition and analysis for aerospace 
	 vehicle	engineering	application.
One must remember that the flight profile of any aerospace vehicle includes the terrestrial	environment.	
Terrestrial environment definitions are usually limited to information below ≈90	km	(≈295,000	ft).	Thus,	an	aero-
space vehicle’s operations will always be influenced to some degree by the terrestrial	environment	with	which	it	
interacts. As a result, the definition of the terrestrial	environment	and	its	interpretation	is	one	of	the	key	aerospace	
vehicle	design and development inputs. This definition plays significant roles; e.g., in the areas of structures, con-
trol	systems,	trajectory	shaping	(performance),	aerodynamic	heating,	and	takeoff/landing	capabilities.	The	aero-
space	vehicle’s	capabilities	which	result	from	the	design, in turn, determine the constraints and flight opportunities 
for	tests	and	operations.




















tency with physical reality and the specific design	and	operational	problems	of	concern.





design	requirements and specifications if required to meet the program’s mission operational	requirements.
Knowledge	of	the	terrestrial	environment	is	also	necessary	to	establish	test	requirements	for	aerospace	
vehicles	and	in	design of associated support equipment. Such data are required to define the fabrication, storage, 
transportation,	test, and preflight design	condition	and	should	be	considered	for	both	the	whole	vehicle	system		
and	the	components	which	comprise	the	system.	

















ing	atomic	oxygen,	atmospheric	density,	ionizing	radiation, plasma, magnetic fields, meteoroids, etc., plus a few 
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manmade	environments,	such	as	orbital debris. Specific aerospace vehicle terrestrial and space	environments	





parameters	and	terrestrial environment variables cannot always be clearly defined. Therefore, a close working 
relationship	and	team	philosophy	must	exist	between	the	design	and	operational	engineer	and	the	respective		
organization’s	terrestrial	environment	central	control	point	specialists.
1.4  Vehicle and Terrestrial Environment Areas of Concern







In many cases, it is impossible to clearly define the limiting extreme	values	for	a	particular	terrestrial	
environment	parameter	that	may	occur	during	the	desired	operational	lifetime	of	the	vehicle.	It	may	not	be	tech-
nically	nor	economically	feasible	to	design	a	vehicle	to	withstand	an	extreme	environment	value.	However,	a	










rizes	potential	terrestrial environment areas of engineering concern when first surveying a vehicle project. As 
the	table	indicates,	terrestrial environment phenomena may significantly affect multiple areas of an aerospace 
vehicle’s	design,	and	thus	operational	capabilities,	including	areas	involving	structure,	control,	trajectory	shaping	
(performance),	heating,	takeoff	and	landing	capabilities,	materials,	etc.	
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of	the	various	international	environmental	testing	standards	may	be	found	in	the	Journal of Environmental Sci-
ences,	Vol.	XXIV,	No.	2,	March/April	1981.











































•	 Background.	Preliminary	assessment	of	natural environments definitions and requirements first must be 
accomplished	in	collaboration	with	a	responsible	engineering	group	in	order	to	identify	design	drives	versus	
mission	requirements.	Based	on	this	information,	the	appropriate	natural environment definitions and 
requirements	can	be	implemented	and	controlled	accordingly.
•	 Lesson.	To	avoid	problems	with	the	engineering	interpretation	of	natural environment definitions and 















































(10)		Title:		Reference	Period	for	Design	Statements	of	Natural Environment Definitions 	
and	Requirements	Relative	to	Launch	and	On-Orbit	Operations
























contractor community and interaction between the NASA program offices interfacing with contractors, and 
isolation	of	natural	environments	skills	from	systems	engineering	teams	working	the	program.





























Support,”	Journal of Spacecraft and Rockets,	Vol.	22,	No.	3,	pp.	355–360,	1985.
Vaughan,	W.W.;	Johnson,	D.L.;	Pearson,	S.D.;	and	Batts	G.W.:	“The	Role	of	Aerospace	Meteorology	in	the	
Design,	Development	and	Operation	of	New	Advance	Launch	Vehicles,”	Proceedings of the Seventh Conference 





Terrestrial Environment (Climatic) Criteria 
Guidelines for Use in Aerospace Vehicle 

















2.	 WINDS	...................................................................................................................................................... 	 2-1
	 2.1	 Introduction		....................................................................................................................................... 	 2-1
	 2.2	 Ground	Wind	(<150	m)		..................................................................................................................... 	 2-2
	 	 2.2.1	 Introduction		........................................................................................................................... 	 2-2
	 	 2.2.2	 Considerations	in	Ground	Wind	Design	Criteria	Development		........................................... 	 2-2
	 	 2.2.3	 Introduction	to	Exposure	Periods	Analysis		........................................................................... 	 2-3
	 	 2.2.4	 Development	of	Extreme	Value	Concept		.............................................................................. 	 2-3
	 	 	 2.2.4.1	 Envelope	of	Distributions		...................................................................................... 	 2-4
	 	 2.2.5	 Design	Ground	Wind	Profiles for Aerospace Vehicles 	......................................................... 	 2-4
	 	 	 2.2.5.1	 Peak	Wind	Concept		................................................................................................ 	 2-5
	 	 	 2.2.5.2	 Peak	Wind	Profile Shapes 	...................................................................................... 	 2-6
	 	 	 2.2.5.3	 Instantaneous	Extreme	Wind	Profiles 	.................................................................... 	 2-6
	 	 	 2.2.5.4	 Peak	Wind	Profile Shapes for Other Test Ranges	and	Sites		................................... 	 2-7
   2.2.5.5 Aerospace Vehicle Design	Wind	Profiles 	............................................................... 	 2-8
	 	 	 	 2.2.5.5.1	 Design	Wind	Profiles for Kennedy Space Center 	................................ 	 2-8
	 	 	 	 2.2.5.5.2	 Design	Ground	Wind	Profiles for Other Locations 	.............................. 	 2-12
	 	 	 	 2.2.5.5.3	 Frequency	of	Reported	Calm	Winds		.................................................... 	 2-16
	 	 2.2.6	 Spectral	Ground	Wind	Turbulence Model 	............................................................................ 	 2-16
	 	 	 2.2.6.1	 Introduction		............................................................................................................ 	 2-16
	 	 	 2.2.6.2	 Turbulence Spectra 	................................................................................................. 	 2-18
   2.2.6.3 The Cospectrum and Quadrature Spectrum 	........................................................... 	 2-19
	 	 	 2.2.6.4	 Units		....................................................................................................................... 	 2-21
	 	 2.2.7	 Ground	Wind	Gust	Factors		................................................................................................... 	 2-22
	 	 	 2.2.7.1	 Gust	Factor	as	a	Function	of	Peak	Wind	Speed	(u18.3) at Reference Height 
    for KSC 	.................................................................................................................. 	 2-22
	 	 	 2.2.7.2	 Gust Factors for Other Locations 	........................................................................... 	 2-23
	 	 2.2.8	 Ground	Wind Shear 	............................................................................................................... 	 2-24
	 	 2.2.9	 Ground	Wind	Direction	Characteristics 	................................................................................ 	 2-24
	 	 2.2.10	 Design	Winds	for	Facilities	and	Ground	Support	Equipment		.............................................. 	 2-24
	 	 	 2.2.10.1	 Introduction		............................................................................................................ 	 2-24
   2.2.10.2 Development of Relationships 	............................................................................... 	 2-25
	 	 	 2.2.10.3	 Design	Winds	for	Facilities		.................................................................................... 	 2-25
	 	 	 2.2.10.4	 Procedure	to	Determine	Design	Winds	for	Facilities		............................................. 	 2-26
	 	 	 2.2.10.5	 Wind	Load Calculations 	......................................................................................... 	 2-27
	 	 	 2.2.10.6	 Wind	Profile Construction 	...................................................................................... 	 2-28
	 	 	 2.2.10.7	 Use	of	Gust Factors Versus Height 	........................................................................ 	 2-29
	 	 	 2.2.10.8	 Recommended	Design	Risk Versus Desired Lifetime 	........................................... 	 2-31
	 	 	 2.2.10.9	 Design	Winds	for	Facilities at VAFB, WSMR, EAFB, and SSC ........................... 	 2-31
	 	 	 	 2.2.10.9.1	 Wind	Statistics		...................................................................................... 	 2-31
    2.2.10.9.2 Conversion of the Fastest Mile to Peak	Winds		.................................... 	 2-32
    2.2.10.9.3 The Peak	Wind	Profile 	......................................................................... 	 2-32
2-ii
    2.2.10.9.4 The Mean Wind	Profile 	.......................................................................	 2-32
	 	 	 	 2.2.10.9.5	 Design	Wind	Profiles for Station Locations 	........................................	 2-33
	 	 2.2.11	 Ground	Winds for Runway Orientation Optimization 	.........................................................	 2-33
 2.3 In-Flight Winds	(>150	m)		................................................................................................................	 2-38
	 	 2.3.1	 Introduction		..........................................................................................................................	 2-38
	 	 2.3.2	 Wind	Aloft	Climatology		.......................................................................................................	 2-40
	 	 2.3.3	 Wind	Component	Statistics		..................................................................................................	 2-40
	 	 	 2.3.3.1	 Upper	Wind	Correlations		......................................................................................	 2-40
   2.3.3.2 Thickness of Strong Wind Layers 	.........................................................................	 2-40
	 	 	 2.3.3.3	 Scalar	Wind	Speeds	(10-	to	15-km	Altitude Layer) 	..............................................	 2-41
   2.3.3.4 Temporal Wind Changes 	.......................................................................................	 2-41
  2.3.4 Vehicle Ascent Wind	Load Alleviation Techniques 	.............................................................	 2-45
	 	 2.3.5	 Vector	Wind Models 	............................................................................................................	 2-46
	 	 	 2.3.5.1	 Bivariate	Normal	Wind	Parameters		......................................................................	 2-47
	 	 	 2.3.5.2	 Wind	Vector	Probability	Ellipse		............................................................................	 2-55
	 	 	 2.3.5.3	 Bivariate	Normal	Distribution	in	Polar	Coordinates	.............................................	 2-56
   2.3.5.4 The Derived Conditional Distribution of Wind	Speed	Given	
    the Wind	Direction	(Wind	Rose)		...........................................................................	 2-58
	 	 	 2.3.5.5	 Wind	Component	Statistics		...................................................................................	 2-60
	 	 	 2.3.5.6	 Envelope	of	Wind	Profiles Versus an Envelope	of	Percentiles		.............................	 2-62
	 	 	 2.3.5.7	 Extreme	Value	Wind Shear Model 	........................................................................	 2-62
   2.3.5.8 Percentile Values for Extreme Largest Wind Speed Shear 	...................................	 2-72
   2.3.5.9 Percentile Values for Extreme Largest Wind	Speed		.............................................	 2-74
	 	 2.3.6	 Gusts—Vertically Flying Vehicles 	.......................................................................................	 2-74
	 	 2.3.7	 Discrete	Gusts		......................................................................................................................	 2-75
   2.3.7.1 Origin of the Classical NASA Discrete (9 m/s) Gust	............................................	 2-75
	 	 	 2.3.7.2	 Classical	NASA	Discrete	Gust Model 	..................................................................	 2-77
	 	 	 2.3.7.3	 NASA	1997	Discrete	Gust Model 	.........................................................................	 2-78
	 	 	 2.3.7.4	 Conclusion		............................................................................................................	 2-81
	 	 2.3.8	 Gust	Spectra		.........................................................................................................................	 2-82
	 	 2.3.9	 Vector	Wind	Profile Models 	.................................................................................................	 2-85
	 	 	 2.3.9.1	 Background		...........................................................................................................	 2-85
   2.3.9.2 Models 	...................................................................................................................	 2-85
   2.3.9.3 Improved Monthly Vector	Wind	Profile Model 	....................................................	 2-86
	 	 2.3.10	 Characteristic Wind	Profiles to a Height of 18 km (59 kft) 	.................................................	 2-92
	 	 2.3.11	 Wind	Profile Data Availability 	.............................................................................................	 2-94
   2.3.11.1 KSC and VAFB Jimsphere Wind	Design Assessment and Verification 
	 	 	 	 Database		................................................................................................................	 2-94
	 	 	 2.3.11.2	 Availability	of	Rawinsonde	Wind	Velocity	Profiles 	..............................................	 2-99
	 	 	 2.3.11.3	 Availability	of	Rocketsonde	Wind	Velocity	Profiles 	.............................................	 2-99
	 	 	 2.3.11.4	 Availability	of	DRWP	Wind	Velocity	Profiles 	......................................................	 2-99
	 	 	 2.3.11.5	 Utility	of	Data		.......................................................................................................	 2-99
  2.3.12 Atmospheric Turbulence Criteria for Horizontally Flying Vehicles 	....................................	 2-99
	 	 	 2.3.12.1	 Application	of	Power Spectral Model 	...................................................................	 2-103
	 	 2.3.13	 Turbulence Model for Flight Simulation		.............................................................................	 2-107
   2.3.13.1 Transfer Functions		................................................................................................	 2-108
TABLE OF CONTENTS (Continued)
2-iii
   2.3.13.2 Boundary Layer Turbulence Simulation		...............................................................	 2-109
	 	 	 2.3.13.3	 Turbulence Simulation in the Free Atmosphere (Above 304.8 m) 	.......................	 2-112
	 	 	 2.3.13.4	 Design	Floor	on	Gust	Environments		.....................................................................	 2-113
   2.3.13.5 Multimission Turbulence Simulation		....................................................................	 2-113
	 	 	 	 2.3.13.5.1	 New	Turbulence Statistics/Model 	.......................................................	 2-115
	 	 2.3.14	 Discrete	Gust Model—Horizontally Flying Vehicles 	..........................................................	 2-115
  2.3.15 Flight Regimes for Use of Horizontal and Vertical Turbulence Models 
	 	 	 (Spectra	and	Discrete	Gusts)		................................................................................................	 2-116
 2.4 Historical In-Flight Wind	Profile Information 	.................................................................................	 2-118
  2.4.1 Ascent Flight Wind Changes 	...............................................................................................	 2-118
	 	 2.4.2	 Design	Wind	Speed	Envelopes		............................................................................................	 2-119
	 	 	 2.4.2.1	 Scalar	Wind	Speed	Envelopes		...............................................................................	 2-119
	 	 2.4.3	 Classical	Empirical	Wind Shear Model 	...............................................................................	 2-121
	 	 	 2.4.3.1	 Buildup/Back-Off Wind Speed Change Envelopes		..............................................	 2-122
	 	 	 2.4.3.2	 Wind Direction Change Envelopes		.......................................................................	 2-129
	 	 2.4.4	 Classical	Discrete	Gust		........................................................................................................	 2-131
	 	 	 2.4.4.1	 Sinusoidal	Gust		.....................................................................................................	 2-133
	 	 	 2.4.4.2	 An	Undamped-Damped	Sinusoidal	Gust Model 	..................................................	 2-134
	 	 2.4.5	 Classical	Construction	of	Synthetic Wind	Speed	Profiles 	...................................................	 2-136
	 	 	 2.4.5.1	 Synthetic Wind	Speed	Profiles for Vertical Flight Path Considering 
    Only Speeds and Shears 	........................................................................................	 2-136
	 	 	 2.4.5.2	 Synthetic Wind	Speed	Profiles for Vertical Flight Path Considering 
    Relationships Between Speeds, Shears, and Gusts		...............................................	 2-137
	 	 	 2.4.5.3	 Synthetic Wind	Profile Merged to the Ground	Wind	Profile 	................................	 2-138
	 	 	 2.4.5.4	 Synthetic Wind	Speed	Profiles for Nonvertical Flight Path 	..................................	 2-138
 2.5 Cape Canaveral (KSC) Sea/Land Breeze Winds		.............................................................................	 2-140
	 	 2.5.1	 Sea Breeze 	........................................................................................................................... 	 2-140
	 	 2.5.2	 Sea Breeze Extreme Wind Shear 	........................................................................................ 	 2-142
  2.5.3 Land Breeze 	........................................................................................................................ 	 2-143
 2.6 Other Wind Subsection Locations 	...................................................................................................	 2-144
References		................................................................................................................................................... 	 2-145
TABLE OF CONTENTS (Continued)
2-iv
LIST OF FIGURES
2-1. Example of an hourly peak	wind	speed	and	associated	direction	record		.................................. 	 2-5
2-2. Distribution of the peak	wind	profile parameter	k	for	various	peak	wind	speeds		
 at the 18.3-m (60-ft) reference level for KSC 	........................................................................... 	 2-7
2-3. The ratio u uI P/ 	as	a	function of the 18.3-m (60-ft) reference level mean	wind	speed		
	 u18 3. 	for	a	10-min	sampling	period		........................................................................................... 	 2-8
2-4. Reference level of 18.3 m (60 ft); KSC peak	wind	speed	for	windiest	reference		
	 period	versus	probability	for	several	exposure periods applicable to vehicle design		
	 criteria	development		.................................................................................................................. 	 2-9
2-5. The relationship between the quasi-steady state and the horizontal instantaneous wind		
 vectors and the longitudinal and lateral components of turbulence		.......................................... 	 2-17
2-6.	 ωS(ω)/βu*2	versus	0.04	f/fm	(longitudinal)	and	0.033	f/fm (lateral) for light 	
	 wind	daytime	conditions		........................................................................................................... 	 2-20
2-7.	 ωS(ω)/βu*2	versus	0.03	f/fm	(longitudinal)	and	0.1	f/fm	(lateral)	for	strong		
	 wind	conditions		......................................................................................................................... 	 2-20
2-8.	 Facility	design	wind,	WD10 ,with respect to the 10-m (33-ft) reference level peak 		 wind	speed	for	various	lifetimes	(N) for KSC 	.......................................................................... 	 2-27
2-9. Three-way trade space:  Upper level winds-structural	loads-control authority 	........................ 	 2-38
2-10.	 Scalar	wind speeds (m/s) 95-percentile envelope	analysis	prepared	from	windiest		
 month and maximum winds in the 10- to 15-km layer 	............................................................. 	 2-41
2-11.	 Scalar	wind speeds (m/s) 99-percentile envelope	analysis	prepared	from	windiest		
 month and maximum winds in the 10- to 15-km layer 	............................................................. 	 2-42
2-12. KSC, April and VAFB, January 95-percentile vector	wind change (∆U	and	∆V)	ellipses		
	 at	6-,	12-,	and	18-km	altitude for time intervals of 12, 24, 36, 48, 60, and 72 hr 	..................... 	 2-43
2-13.	 Example	for	50-percent	time-conditional	wind	probability ellipses for 12 and 24 hr 	
	 for	given	vectors		........................................................................................................................ 	 2-44
2-14. Meteorological coordinate system 	............................................................................................ 	 2-46
2-15.	 Comparison	of	wind	vector	probability ellipses (a) KSC, February 	
	 and	(b)	VAFB,	December		.......................................................................................................... 	 2-57
2-v
2-16.	 Percentage	of	wind	profiles (wind vectors at 1-km intervals) that are within 	
 the 95-percent ellipses versus altitude, KSC, April 	................................................................... 	 2-63
2-17. Relationship between discrete gust and/or embedded jet	characteristics (quasi-square 	
	 wave shape) and the design	wind	speed	profile envelope		.........................................................	 2-76
2-18.	 Discrete	gust	model	(1	cos)		.......................................................................................................	 2-78
2-19.	 Nondimensional	discrete	gust	magnitude	Vm/σ	as	a	function	of	nondimensional	gust		
 half-width, dm/L, longitudinal component (original MIL-SPEC graphical version) 	................	 2-79
2-20.	 Discrete	gust	model	for	longitudinal	gust	magnitude	Vm/σ	as	a	function	of	non-	
	 dimensional	gust half-width, dm/L,	from	closed-form	integration	of	Dryden	PSD	model		.......	 2-81
2-21. NASA classical (dashed) and 1997 (solid) discrete gusts for half-widths 
	 of	60	and	150	m		.........................................................................................................................	 2-82
2-22.	 Spectra	of	detailed	wind	profiles 	...............................................................................................	 2-83
2-23. STS-1 pitch and yaw aerodynamic load	indicators	(qα,	qβ) Mach = 1.05 for 150 April 	
 Jimsphere profiles for KSC 	.......................................................................................................	 2-87
2-24.	 Mean profile (thick solid) and vector	wind	model	profiles for H1 = 12 km, 	
	 u-component, KSC, February 	...................................................................................................	 2-88
2-25.	 Mean profile (thick solid) and vector	wind	model	profiles for H1 = 12 km, 	
	 v-component, KSC, February 	....................................................................................................	 2-89
2-26.	 Aerodynamic	load	indicators	(qα,	qβ)	at	12	km	obtained	from	trajectory	simulations		
 using 1,800 KSC Jimsphere wind	profiles (150/mo) and the 12 enveloping vector 	
	 wind	model	profiles for a reference altitude = 12 km 	...............................................................	 2-91
2-27.	 Enveloping	vector	wind	model	profile for 300º clocking angle and 12-km reference 	
	 altitude, KSC, January, Jimsphere profile 89 and nominal wind	profile used to bias 	
 ascent vehicle steering 	...............................................................................................................	 2-92
2-28. Twelve vector	wind	model	profiles, KSC, February, reference height = 9 km, 	
	 for	(a)	IP	wind	component	profiles 1–6, (b) IP wind	components	profiles 7–12, 	
 and (c) OP wind	component	profiles 1–12 for flight azimuth = 90º 	.........................................	 2-95
2-29.	 Example	of	jet	stream	winds		.....................................................................................................	 2-96
2-30.	 Example	of	sine	wave flow in the 10- to 14-km altitude	region		...............................................	 2-96
2-31. Example of high wind	speeds	over	a	deep	altitude	layer		..........................................................	 2-97
LIST OF FIGURES (Continued)
2-vi
2-32.	 Example	of	low	wind	speeds		................................................................................................... 	 2-97
2-33.	 Example	of	a	discrete	gust	observed	at	1300Z	on	January	21,	1968,	at	KSC	......................... 	 2-98
2-34.	 Example	of	a	discrete	gust	observed	by	a	Jimsphere	released	at	2103Z		
	 on	November	8,	1967,	at	KSC		................................................................................................ 	 2-98
2-35.	 The	nondimensional	longitudinal	and	lateral,	2πΦu/σ2L	and	2πΦw/σ2L,	spectra		
	 as	functions	as	the	dimensionless	frequency	LΩ		.................................................................... 	 2-101
2-36.	 Exceedance	curves	for	the	vertical,	lateral,	and	longitudinal	components	of	turbulence		
	 for	the	zero	to	304-m	(zero	to	1,000-ft)	altitude	range		........................................................... 	 2-104
2-37.	 Exceedance	curves	for	the	vertical,	lateral,	and	longitudinal	components	of	turbulence		
	 for	various	altitude	ranges		....................................................................................................... 	 2-105
2-38.	 Nondimensional	discrete	gust	magnitude,	Vm/σ,	as	a	function	of	nondimensional		
	 gust	half-width		........................................................................................................................ 	 2-113
2-39.	 Idealized	99-percent	wind	direction	change	as	a	function	of	time	and	wind	speed		
	 in	the	150-m	to	2-km	altitude	region	of	KSC		......................................................................... 	 2-119
2-40.	 Idealized	99-percent	wind	speed	change	as	a	function	of	time	and	wind	speed		
	 in	the	150-m	to	2-km	altitude	region	of	KSC		......................................................................... 	 2-120
2-41.	 Idealized	99-percent	wind	direction	change	as	a	function	of	time	and	wind	speed		
	 in	the	2-	to	16-km	region	of	KSC		........................................................................................... 	 2-121
2-42.	 Idealized	99-percent	wind	speed	change	as	a	function	of	time	and	wind	speed		
	 in	the	2-	to	16-km	region	of	KSC		........................................................................................... 	 2-122
2-43.	 Idealized	99-percent	wind	direction	change	as	a	function	of	wind	speed	for	varying		
	 layers	in	the	8-	to	16-km-altitude	region	of	KSC		................................................................... 	 2-130
2-44.	 The	function	R*	versus	∆H	for	various	categories	of	wind	speed,	ur ,	
	 at	the	reference	level		............................................................................................................... 	 2-131
2-45.	 Best	estimate	of	expected	(≥99	percentile)	gust	amplitude	and	number	of	cycles		
	 as	a	function	of	gust	wavelenth		............................................................................................... 	 2-133
2-46.	 Undamped-damped	sine	gust	model:	L =	400	m		.................................................................... 	 2-135
2-47.	 Undamped-damped	sine	gust	model: L =	800	m		.................................................................... 	 2-135
2-48.	 Undamped-damped	sine	gust	model: L =	1,600	m		................................................................. 	 2-135
LIST OF FIGURES (Continued)
2-vii
2-49.	 Mean zonal wind component combined with gust		................................................................. 	 2-136
2-50.	 Mean meridional wind component combined with gust		......................................................... 	 2-136
2-51.	 Example	of	synthetic wind	speed	profile construction without addition of gust		....................	 2-137
2-52.	 Example	of	synthetic wind	profile construction with relationship of wind shears 	
	 and	gusts	assumed		...................................................................................................................	 2-139
2-53. Relationship between revised gust shape, wind	profile envelope,	and	speed		
	 buildup (shear) envelope		.........................................................................................................	 2-139
LIST OF FIGURES (Continued)
2-viii
LIST OF TABLES
2-1.	 Values	of	k	to	use	for	test	ranges other than KSC 	........................................................................	 2-8
2-2.	 Peak	wind	speed	profile envelopes	for	various	values	of	risk of exceeding the 10-m- (33-ft-)  	
	 level	peak	wind speed for 1-hr exposure (hourly-monthly reference period) for KSC 	...............	 2-10
2-3.	 Peak	wind	speed	envelopes	for	a	10-percent	risk value of exceeding the 10-m- (33-ft-) level 	
	 peak	wind speed for various reference periods of exposure for KSC 	.........................................	 2-10
2-4.	 Peak	wind	speed	profile envelopes	for	a	5-percent	risk value of exceeding the 10-m- (33-ft-)  	
	 level	peak	wind speed for various reference periods of exposure for KSC 	.................................	 2-11
2-5.	 Peak	wind	speed	profile envelopes	for	a	1-percent	risk value of exceeding the 10-m- (33-ft-)	
	 level	peak	wind speed for various reference periods of exposure for KSC 	.................................	 2-11
2-6.	 10-min	mean	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level mean	wind speed for a 1-hr exposure (hourly-monthly 	
 reference period) for KSC 	...........................................................................................................	 2-12
2-7.	 10-min	mean	wind	speed	profile envelopes	for	a	10-percent	risk value of exceeding the	
	 10-m-	(33-ft-)	level	mean	wind speed for various reference periods of exposure for KSC 	........	 2-12
2-8.	 10-min	mean	wind	speed	profile envelopes	for	a	5-percent	risk value of exceeding the	
	 10-m-	(33-ft-)	level	mean	wind speed for various reference periods of exposure for KSC 	........	 2-13
2-9.	 10-min	mean	wind	speed	profile envelopes	for	a	1-percent	risk value of exceeding the	
	 10-m-	(33-ft-)	level	mean	wind speed for various reference periods of exposure for KSC 	........	 2-13
2-10.	 Surface	peak	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level peak	wind speed for 1-hr exposure (hourly-monthly reference 	
 period) for the SSC area 	..............................................................................................................	 2-13
2-11.	 Surface	mean	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level, 10-min mean	wind speed for 1-hr exposure (hourly-monthly 	
	 reference	period)	for	SSC	area		....................................................................................................	 2-14
2-12.	 Surface	peak	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level peak	wind speed for 1-hr exposure (hourly-monthly 	
	 reference	period)	for	VAFB		.........................................................................................................	 2-14
2-13.	 Surface	mean	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		




 the 10-m- (33-ft-) level peak	wind speed for 1-hr exposure (hourly-monthly reference 	
 period) for WSMR 	.................................................................................................................... 	 2-15
2-15.	 Surface	mean	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level, 10-min mean	wind speed for 1-hr exposure (hourly-monthly 	
 reference period) for WSMR 	..................................................................................................... 	 2-15
2-16.	 Surface	peak	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level peak	wind speed for 1-hr exposure (hourly-monthly reference 	
	 period)	for	EAFB		...................................................................................................................... 	 2-15
2-17.	 Surface	mean	wind	speed	profile envelopes	for	various	values	of	risk	of	exceeding		
 the 10-m- (33-ft-) level, 10-min mean	wind speed for 1-hr exposure (hourly-monthly 	
	 reference	period)	for	EAFB		...................................................................................................... 	 2-16
2-18.	 Frequency	(percent)	of	reported	calm	wind at the 10-m (33-ft) level for KSC 	........................ 	 2-17
2-19.	 Dimensionless	constants	(ci) for the longitudinal spectrum of turbulence for KSC 	................. 	 2-18
2-20.	 Dimensionless	constants	(ci) for the lateral spectrum of turbulence for KSC 	.......................... 	 2-18
	
2-21. Typical values of surface roughness length (z0)	for	various	types	of	surfaces		......................... 	 2-19
2-22.	 Values	of	f0.5 for KSC 	............................................................................................................... 	 2-21
2-23.	 Values	of	γ  for KSC 	.................................................................................................................. 	 2-21
2-24. Metric and U.S.	customary	units of various quantities in the turbulence	model		...................... 	 2-22
2-25.	 10-min	gust factors for KSC 	..................................................................................................... 	 2-23
2-26.	 Gust	factor	profile for τ = 10 min and u18.3 = 9.27 m/s (18 kt) 	................................................ 	 2-24
2-27.	 Exact	(Ex)	and	adopted	values	for	design	return	period	(TD,	yr)	versus	desired	lifetime		
	 (N,	yr)	for	various	design	risks	(U)		........................................................................................... 	 2-25
2-28.	 Gumbel	distribution	for	yearly	peak	wind	speed,	10-m	(33-ft)	reference	level,			
	 including	hurricane winds for KSC 	........................................................................................... 	 2-26
2-29.	 Facility	design	wind,	WD10 , with respect to the 10-m (33-ft) reference level peak 	
	 wind	speed	for	various	lifetimes	(N) for KSC 	.......................................................................... 	 2-27
2-30.	 Calculated	risk	(U)	versus	desired	lifetime	(N,	yr)	for	assigned	design	winds	related		
	 to	peak	winds at the 10-m (33-ft) reference level for KSC 	....................................................... 	 2-28
LIST OF TABLES (Continued)
2-x
2-31.	 Design	peak	wind	profiles for design	wind relative to the 10-m (33-ft) 	
 reference level for KSC 	............................................................................................................. 	 2-29
2-32.	 Gust	factors	for	various	averaging	times	(τ)	for	peak	winds >15 m/s (>29 kt) 	
 at the 10-m (33-ft) reference level versus height for KSC 	........................................................ 	 2-29
2-33.	 Design	wind	profiles for various averaging times (τ)	for	peak	design	wind of 36 m/s 	
 (70 kt) relative to the 10-m (33-ft) reference level for KSC 	..................................................... 	 2-30
2-34.	 Design	wind	profiles for various averaging times (τ)	for	peak	design	wind of 49 m/s 	
 (95 kt) relative to the 10-m (33-ft) reference level for KSC 	..................................................... 	 2-30
2-35.	 Design	wind	profiles for various averaging times (τ)	for	peak	design	wind of 62 m/s 	
 (120 kt) relative to the 10-m (33-ft) reference level for KSC 	................................................... 	 2-30
2-36. Frechet distribution of fastest mile wind at the 10-m (33-ft) height of yearly extremes 	
 for the indicated locations 	......................................................................................................... 	 2-32
2-37.	 Peak	winds (fastest mile values times 1.10) for the 10-m (33-ft) reference level 	
	 for	10-,	100-,	and	1,000-yr	return	periods		................................................................................. 	 2-33
2-38.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 33.2 m/s 	
	 (64.5	kt)	(10-yr	return	period)	for	SSC		..................................................................................... 	 2-33
2-39.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 48.9 m/s	
	 (95	kt)	(100-yr	return	period)	for	SSC		...................................................................................... 	 2-34
2-40.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 71.4 m/s 	
	 (138.7	kt)	(1,000-yr	return	period)	for	SSC		.............................................................................. 	 2-34
2-41.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 26.8 m/s 	
	 (52.1	kt)	(10-yr	return period) for VAFB and WSMR 	.............................................................. 	 2-34
2-42.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 39.3 m/s 	
	 (76.3	kt)	(100-yr	return period) for VAFB and WSMR 	............................................................ 	 2-35
2-43.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 56.9 m/s 	
	 (110.7	kt)	(1,000-yr	return period) for VAFB and WSMR 	....................................................... 	 2-35
2-44.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 19.9 m/s 	
	 (38.7	kt)	(10-yr	return	period)	for	EAFB		.................................................................................. 	 2-35
2-45.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 35.7 m/s 	
	 (69.4	kt)	(100-yr	return	period)	for	EAFB		................................................................................ 	 2-36
2-46.	 Facilities	design	wind	as	a	function	of	averaging	time	(τ)	for	a	peak	wind of 63.3 m/s 	
	 (123	kt)	(1,000-yr	return	period)	for	EAFB		.............................................................................. 	 2-36
LIST OF TABLES (Continued)
2-xi
2-47. Thickness for strong wind layers at KSC 	.................................................................................	 2-41
2-48. Thickness for strong wind	layers	at	VAFB		...............................................................................	 2-41
2-49.	 Bivariate	normal	wind	statistics—zonal and meridional, KSC, February 	................................	 2-49
2-50.	 Bivariate	normal	wind	statistics—zonal and meridional, KSC, July 	.......................................	 2-50
2-51.	 Bivariate	normal	wind	statistics—zonal and meridional, VAFB, December 	...........................	 2-51
2-52.	 Bivariate	normal	wind	statistics—zonal and meridional, VAFB, July 	.....................................	 2-52
2-53.	 Bivariate	normal	wind	statistics—zonal and meridional, EAFB, February 	.............................	 2-53
2-54.	 Bivariate	normal	wind	statistics—zonal and meridional, EAFB, July 	.....................................	 2-54
2-55.	 Values	of	λ	for	bivariate	normal	distribution	ellipses	and	circles		.............................................	 2-56
2-56.	 Values	of	t for standardized normal (univariate) distribution for percentiles 	
	 and	interpercentile	ranges		.........................................................................................................	 2-61
2-57.	 Conditional	percentiles	of	wind speed shear (m/s) given shear height interval (m) 	
	 and	wind speed (m/s) applicable over the 3- to 16-km altitude	range, KSC, February 	............	 2-66
2-58. Percentile values (m/s) versus shear intervals for extreme largest shear 	
	 (3-	to	16-km	altitude), KSC, February 	......................................................................................	 2-72
2-59. Percentile values (m/s) versus shear intervals for extreme largest shear 	
	 (3-	to	16-km	altitude), KSC, July 	.............................................................................................	 2-73
2-60.	 Comparison	of	some	wind speed percentile values, KSC 	........................................................	 2-74
2-61.	 Percentiles	from	cumulative	probability	distribution	of	gust	magnitude	for	thunderstorm 	
	 turbulence, 1–14 kft 	..................................................................................................................	 2-76
2-62.	 Mean horizontal turbulence	standard	deviation,	σh, length scale, Lh,	and	probability		
	 of	severe	turbulence	as	a	function	of	altitude		...........................................................................	 2-79
2-63.	 Discrete	longitudinal	gust magnitude (m/s) as a function	of	altitude	(km)	and	gust		
 half-width, dm	(m)	for	severe	turbulence		..................................................................................	 2-81
2-64.	 Comparison	of	original	and	improved	vector	wind	profile models 	..........................................	 2-88
2-65.	 Nominal	wind	profile defined by the centroids of the KSC 99-percent monthly enveloping 	
 ellipses at each altitude from zero to 27 km at 1-km altitude	intervals	(derived	from		
 monthly bivariate	normal	statistics for the KSC range	reference	atmosphere) 	........................	 2-90
LIST OF TABLES (Continued)
2-xii
2-66. Twelve vector	wind	model	profiles plus mean	profiles for KSC, February, reference 	
 height = 9 km, IP and OP wind components (m/s), for flight azimuth = 90º 	.......................... 	 2-93
2-67.	 Parameters for the turbulence model for horizontally flying vehicles 	.................................... 	 2-102
2-68. Metric and U.S.	customary	units of various quantities in the turbulence	model		
 for horizontally flying vehicles 	............................................................................................... 	 2-106
2-69.	 Simulated	quantities		................................................................................................................ 	 2-114
2-70.	 Variation	of	standard deviation and length scale of turbulence with height within 	
 the boundary layer 	.................................................................................................................. 	 2-116
2-71.	 Mean horizontal and vertical turbulence (light, moderate, and severe) magnitudes 	
	 (σh,	σw),	wind	scale	(Lh	and	Lw)	and	probability	for	encountering	turbulence		
	 versus	altitude (MSL) 	............................................................................................................. 	 2-117
2-72.	 Scale	wind	speed	W (m/s) steady-state envelopes	as	functions	of	altitude	H	(km)		
	 for	various	probabilities	P (%) for KSC 	................................................................................. 	 2-123
2-73.	 Scale	wind	speed	W (m/s) steady-state envelopes	as	functions	of	altitude	H	(km)		
	 for	various	probabilities	P	(%)	for	VAFB		............................................................................... 	 2-123
2-74.	 Scale	wind	speed	W (m/s) steady-state envelopes	as	functions	of	altitude	H	(km)		
	 for	various	probabilities	P (%) for WSMR 	............................................................................. 	 2-124
2-75.	 Scale	wind	speed	W (m/s) steady-state envelopes	as	functions	of	altitude	H	(km)		
	 for	various	probabilities	P	(%)	for	EAFB		............................................................................... 	 2-124
2-76.	 Scale	wind	speed	W (m/s) steady-state envelopes	as	functions	of	altitude	H	(km)		
	 for	various	probabilities	P	(%)	for	all	four	locations		.............................................................. 	 2-125
2-77.	 Buildup	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude region, KSC 	............................................................................................................... 	 2-125
2-78.	 Back-off	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude region, KSC 	............................................................................................................... 	 2-125
2-79.	 Buildup	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region,	VAFB		............................................................................................................. 	 2-126
2-80.	 Back-off	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region,	VAFB		............................................................................................................. 	 2-126
2-81.	 Buildup	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude region, WSMR 	........................................................................................................... 	 2-126
LIST OF TABLES (Continued)
2-xiii
LIST OF TABLES (Continued)
2-82.	 Back-off	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude region, WSMR 	...........................................................................................................	 2-127
2-83.	 Buildup	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region,	EAFB		.............................................................................................................	 2-127
2-84.	 Back-off	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region,	EAFB		.............................................................................................................	 2-127
2-85.	 Buildup	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region	for	all	four	locations		.......................................................................................	 2-128
2-86.	 Back-off	envelopes	of	99-percentile	wind speed change (m/s), 1- to 80-km reference 	
	 altitude	region	for	all	four	locations		.......................................................................................	 2-128
2-87.	 Gust length (L) versus coefficient a1	for	two	altitude	regions	(H)		.........................................	 2-134
2-88. Summertime KSC/Cape Canaveral SB climatology		..............................................................	 2-140
2-89. KSC SB statistics	for	cloud,	temperature change, types, thunderstorms, 
	 and	SB	arrival	times		................................................................................................................	 2-141
2-90. KSC SB/LB front/return flow thickness, penetration, and wind	speed		..................................	 2-142
2-91. KSC LB occurrences		..............................................................................................................	 2-144
2-92. KSC LB characteristics 	...........................................................................................................	 2-144
2-xiv
LIST OF ACRONYMS AND SYMBOLS
AGL above ground level
APRA atmospheric parametric risk	analysis




CIRA COSPAR International Reference	Atmosphere
CMDL Climate Monitoring and Diagnostics Laboratory
CO2	 carbon	dioxide
DOE Department of Energy













ICAO  International Civil Aviation Organization
IP	 in-plane
IR	 infrared
ISO  International Standardization Organization
JSC Johnson Space Center




LST local standard time
MAP Middle Atmospheric Program
MET Marshall Engineering Thermosphere




MSFC Marshall Space Flight Center
MSL mean	sea	level
NASP	 National	Aero-Space	Plane
NIAM NASP Integrated Atmospheric Model
NLS  National Launch System
LIST OF ACRONYMS AND SYMBOLS (Continued)
2-xvi
NOAA National Oceanic and Atmospheric Administration

















STAR solar and thermal atmospheric radiation
STD standard	deviation
TCL trailing convergence line
TMY2 typical meteorological year, version 2






WMO World Meteorological Organization
WRC	 World	Radiation	Center
WRR	 World	Radiometric	Reference
WSMR White Sands Missile Range




a  vehicle flight azimuth; von Karman constant
b	 standard	deviation
C	 cospectrum












H height; scales of distance
Hb height of the base of the gust
h shear intervals
I	 solar	radiation










L scale length; standard	deviation	of	turbulence;	gust length























ti amount of time spent in the ith flight regime
tN*	 dimensional	time


































∆ angle between the wind	vectors
∆TBS  surface	temperature differential resulting in a change in blackbody	temperature
∆t	 dimensional	time	step
δ optical depth
δc	 cloud optical depth 
θ zenith angle; wind	direction
λ wavelength; gust thickness parameter
(λ)	 vertical	scale	of	motion
λe	 bivariate	normal	probability	ellipse
λmax wavelength of maximum radiation intensity for the blackbody
m parameter
x respective	means	parameter






















An aerospace vehicle’s response to atmospheric disturbances, especially wind,	must	be	carefully	evalu-
ated to ensure that the design	will	meet	its	operational requirements. The choice of criteria depends on the specific 
launch location(s), vehicle configuration, and mission. The vehicle’s design, operation, and flight procedures 
must be separated into phases for proper assessment of environmental influences and impacts upon its life history. 
These phases include (1) the initial purpose and concept of the vehicle, (2) its preliminary engineering design		
for flight, (3) its structural design, (4) its guidance and flight control design, (5) optimizations of its design	limits,	
and (6) the final assessment of its capability for launch and operations. 
Because the wind environment significantly affects the design and operation of aerospace vehicles, it is 
necessary to use good technical judgment and apply sound engineering principles in preparing wind criteria that 
are descriptive and representative. Although wind criteria guidelines contained in this document were especially 
prepared for application to aerospace vehicle programs, the information is applicable to other areas such as aero-
nautical engineering, architecture, atmospheric diffusion,	wind and solar energy conversion research, and many 
others. The proper selection, analysis, and interpretation of wind information are responsibilities of the atmos-
pheric scientists working in collaboration with the design	engineers.	
The information given in section 2 covers wind	models	and	criteria	guidelines	applicable	to	various	
design problems. The risk level selected for the design depends upon the design	philosophy used by management 
for the aerospace vehicle development effort. To maximize vehicle performance flexibility, it is considered best 
to utilize those wind data associated with the minimum acceptable risk levels. In addition, the critical mission-
related	parameters, such as exposure time of the vehicle being affected by the natural environment quantities, 
launch windows, reentry periods, launch turnaround periods, etc. should be considered carefully. Initial design	
work using unbiased (with respect to wind)	trajectories	based	on	nondirectional ground or in-flight winds	may	be	
used unless the vehicle and its mission are well known and the exact launch azimuth and time(s) are established 
and adhered to throughout the program. In designs that use wind-biased	trajectories	and	directional	wind	criteria,	
rather severe wind constraints can result if the vehicle is used for other missions, different flight azimuths, or if 
other vehicle configurations are developed. Therefore, caution must be exercised in using wind	criteria	models	to	
ensure consistency with the physical interpretation of each specific vehicle design problem relative to the overall 
design	philosophy for the vehicle. Several references are cited that discuss special and specific problems related 	
to the development and specification of wind environments for aerospace vehicle programs. 
A comprehensive historical account of wind	models	and	studies	used	to	support	design	analyses	for	vari-
ous NASA aerospace vehicles, including the Space Shuttle, is documented in NASA/CR—1998–208859,	“A	Com-
pendium	of	Wind	Statistics and Models for the NASA Space Shuttle and Other Aerospace Vehicle Programs”  
(ref. 2-1). In addition, section 2.4 “Historical Ascent Flight Wind	Profile Information” contains additional 	
material on this subject. 
 A listing of other wind-related subsectional locations within this document is given on p. 2-144 (sec. 2.6).
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2.2  Ground Wind (<150 m)
2.2.1  Introduction
Ground winds for aerospace vehicle development applications are defined to be those winds in the lowest 
150 m (492 ft) of the atmosphere. The winds in this layer of the atmosphere are characterized by very complicated 
three-dimensional flow patterns with rapid variations in magnitude and direction in space and time. An engineer-
ing requirement exists for models that define the structure of wind in this layer because of the complicated and 
possibly critical manner in which a vehicle might respond to certain aspects of the flow, both when the vehicle 
is stationary on the launch pad and during the first few seconds after the launch. The forces generated by von 
Karman vortex shedding are an example of the effect of wind on aerospace vehicles. These forces can result in 
base bending moments while the vehicle is on the launch pad and pitch and yaw plane angular accelerations and 
vehicle drift during lift-off. Other equally important examples can be cited. The basic treatment of the ground 
wind problem relative to vertically oriented vehicles on-pad and during lift-off has been to estimate the risk of 
encountering crucial aspects of wind along the vertical. It should be noted that, in addition to the engineering 
requirements for on-pad and launch winds for vertically ascending vehicles, a requirement for ground wind mod-
els also exists for horizontally flying vehicles for takeoff and landing. This aspect of the natural wind environment 
is discussed in sections 2.3.12 through 2.3.15. 
Because ground wind data are applied by aerospace vehicle engineers in numerous ways, depending on 
the specific problem, various viewpoints and kinds of analytical techniques were used to obtain the environmental 
models presented here. Program planning, for instance, requires considerable climatological insight to determine 
the frequency and persistence distributions for wind speeds and wind directions. However, for design purposes, 
the aerospace vehicle must withstand certain unique predetermined structural loads that are generated from 
exposure to known peak ground wind conditions. Ground wind profiles and the ground wind turbulence spectra 
contribute to the development of the design ground wind models. Surface roughness, launch site structures, ther-
mal environment, and various transient local and large-scale meteorological systems influence the ground wind 
environment for each launch site. The Cape Canaveral sea/land breeze conditions encompass both the ground and 
inflight wind regions >3,000 ft. If one considers the return flow aloft, this may occur above 3,000 ft. The charac-
teristics of these winds and associated meteorological characteristics are described in section 2.5, Cape Canaveral 
(KSC) Sea/Land Breeze Winds. Surface winds including mountain-influenced winds such as mistral, foehn, Santa 
Ana, and Chinook winds are discussed in section 5.2.2.5 under surface wind.
2.2.2  Considerations in Ground Wind Design Criteria Development
To establish the ground wind design criteria for aerospace vehicles, several important factors must  
be considered: 
 (1)  Where is the vehicle to operate?
 (2)  What is the launch location?
 (3)  What are the proposed vehicle missions?
 (4)  How many hours, days, or months will the vehicle be exposed to ground winds?
 (5)  What are the consequences of operational constraints that may be imposed on the vehicle  
 because of wind constraints?
 (6)  What are the consequences if the vehicle is destroyed or damaged by ground winds?
 (7)  What are the cost and engineering practicalities for designing a functional vehicle to meet  
  the desired mission requirements?
 (8)  What is the risk that the vehicle will be destroyed or damaged by excessive wind loading?
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 In view of this list of questions, or any similar list that a design group may enumerate, it becomes obvious 
that the establishment of ground wind environment design criteria for an aerospace vehicle requires an interdisci-
plinary approach involving several engineering and scientific disciplines. Furthermore, the process is an iterative 
one. To begin the iterative process, specific information on ground winds is required.
2.2.3  Introduction to Exposure Periods Analysis
 Valid, quantitative answers to such questions as the following are of primary concern in the design,  
mission planning, and operation of aerospace vehicles:
 (1)  What is the probability that the peak ground wind at some specified reference height will exceed 
(or not exceed) a given magnitude in some specified time period?
 (2)  Given a design wind profile in terms of peak wind speed versus height from 10 to 150 m,  
what is the probability that the design wind profile will be exceeded in some specified time period?
 Given a statistical sample of peak wind measurements for a specific location, the first question can be 
answered in as much detail as a statistical analyst finds necessary and sufficient. This first question has been  
thoroughly analyzed for Kennedy Space Center (KSC), partially for Vandenberg Air Force Base (VAFB),  
and to a lesser degree for other locations of interest.
 The analysis becomes considerably more complex in answering the second question. A wind profile is 
required, and to develop the model, measurements of the wind profiles by properly instrumented ground wind 
towers are required as well as a program for scheduling the measurements and data reduction. Every instantaneous 
wind profile is unique; similarity is a matter of degree. Given the peak wind speed at one height, there is a whole 
family of possible profiles extending from the specified wind at that height. Thus, for each specified wind speed at 
a given height, there is a statistical distribution of wind profiles. Recommended profile shapes for KSC and other 
locations are given in the following sections. The analysis needed to answer the second question is not complete, 
but we can assume that, given a period of time, the design wind profile shape will occur for a specified wind speed 
at a given height. For example, in the event that a thunderstorm passes over the vehicle, it is logical to assume that 
the design wind profile shape will occur and that the chance of the design wind profile being exceeded is the same 
as the probability that the peak wind (gust) during the passage of the thunderstorm (see sec. 9.4.2) will strike the 
vehicle or point of interest (ref. 2-2).
2.2.4  Development of Extreme Value Concept
 It has been estimated from wind tunnel tests that only a few seconds are required for the wind to produce 
near steady-state drag loads on a launch vehicle in an exposed condition on the launch pad. For this and other 
reasons, the peak wind speed has been adopted as the fundamental measurement of wind for use in design studies. 
Equally important, when the engineering applications of winds can be made in terms of peak wind speeds, it is 
possible to obtain an appropriate statistical sample that conforms to the fundamental principles of extreme value 
theory. One hour is a convenient and physically meaningful minimum time interval from which to select the peak 
wind. An hourly peak wind speed sample has been established for KSC from wind information recorded on con-
tinuous-recording charts. Representative peak wind samples for VAFB have been derived from hourly steady-state 
wind measurements using statistical and physical principles. From the hourly peak wind records, the daily and 
monthly peak wind records can be computed. An extreme value probability function is used to summarize these 
statistics.
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 2.2.4.1  Envelope of Distributions.  In the development of statistics for peak winds, it was recognized 
that the probability of hourly, daily, and monthly peak winds exceeding (or not exceeding) specified values varied 
with time of day and from month to month. The Gumbel extreme value probability distribution (ref. 2-3) is an 
excellent fit to the samples of hourly, daily, monthly, bimonthly (in two combinations), and trimonthly (in three 
combinations) periods taken over the complete period of record, thereby justifying the use of this distribution. 
However, in establishing vehicle wind design criteria for the peak winds versus exposure time, it is desired to 
present a set of wind statistics in such a manner that every reference period and exposure time would not have to 
be examined to determine the probability that the largest peak wind during the exposure time would exceed some 
specified magnitude. To accomplish this objective, envelopes of the distributions of the largest peak winds for 
various time increments for the various reference periods were constructed. For example, to obtain the envelope 
distribution of hourly peak winds for the month of March, the largest peak wind was selected at each percentage 
point from the 24 peak wind distributions (one for each hour). For a 365-day exposure, the distribution for the 
extreme largest yearly peak wind data sample is used.
 Selected wind profile envelopes of distributions are given in section 2.2.5.5. It is recommended that 
these envelopes of distributions be used for vehicle wind design considerations. This recommendation is made 
under the assumption that it is not known what time of day or season of year critical vehicle operations are to be 
conducted. Furthermore, it is not desirable to design a vehicle to operate only during selected hours or months. 
Should all other design alternatives fail to lead to a functionally engineered vehicle with an acceptable risk of not 
being compromised by wind loads, then distributions for peak winds by time of day for monthly reference periods 
may be considered for limited missions. For vehicle operations, detailed statistics of peak winds for specific mis-
sions are meaningful for management decisions, in planning missions, and in establishing mission rules and alter-
natives for the operational procedures. To present the wind statistics for all these purposes is beyond the scope of 
this document. Each space mission has many facets that make it difficult to generalize and to present all the avail-
able statistics in brief form.
2.2.5  Design Ground Wind Profiles for Aerospace Vehicles
 Specific information about the wind profile is required to calculate ground wind loads on aerospace vehi-
cles. The Earth’s surface is a rigid boundary that exerts a frictional force on the lowest layers of the atmosphere, 
causing the wind to approach zero velocity at the ground. In addition, the characteristic length and velocity scales 
of the mean (steady-state) flow in the first ≈150 m (boundary layer) of the atmosphere combine to yield extremely 
high Reynolds numbers with values that range between approximately 106 and 108, so that for most conditions 
(wind speeds >1 m/s) the flow is fully turbulent. The lower boundary condition, the thermal and dynamic stability 
properties of the boundary layer, the distributions of the large-scale pressure, the Coriolis force, and the structure 
of the turbulence combine to yield an infinite number of wind profiles.
 Data on basic wind speed profiles given in this section are for use in vehicle design studies. With respect 
to design practices, the application of peak winds and the associated turbulence spectra and discrete gusts should 
be considered. The maximum response obtained for the selected risk levels for each physically realistic combina-
tion of conditions should be employed in the design. Care should be exercised so that wind inputs are not taken 
into account more than once. For example, the discrete gust and spectrum (a discrete bandwidth of energy in the 
turbulent spectrum) of turbulence are representations of the same thing, namely atmospheric turbulence. Thus, 
one should not calculate the responses of a vehicle due to the discrete gust and spectrum and then combine the 
results by addition, root-sum-square, or any other procedure since these inputs represent the same thing. Rather, 
the responses should be calculated with each input and then enveloped.
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 2.2.5.1  Peak Wind Concept.  An example of a peak wind speed for an hourly time period is given  
in figure 2-1. Peak wind statistics have three advantages over mean wind statistics:  
 (1)  Peak wind statistics do not depend on an averaging operation as do mean wind statistics. 
 (2)  To construct a mean wind sample, a chart reader or weather observer must perform an “eyeball” or 
electronic average of the wind data, causing the averaging process to vary from day to day according to the mood 
of the observer, and from observer to observer, and to the integration technique used. Hourly peak wind speed 
readings avoid this subjective averaging process. 
 (3)  To monitor winds during the countdown phase of an aerospace vehicle launch, it is much easier  
to monitor peak wind speed than the mean wind speed. However, with today’s modern electronic computational 








































Figure 2-1.  Example of an hourly peak wind speed and associated direction record.
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 Smith et al. (ref. 2-4) have performed extensive statistical analyses with peak wind speed samples mea-
sured at the 10-m level. In the course of the work, the concept of exposure period probabilities was introduced 
into the design and operation of aerospace vehicles. By determining the distribution functions of peak wind 
speeds for various periods of exposure (hour, day, month, year, etc.), it is possible to determine the probability 
of a certain peak wind speed magnitude occurring during a prescribed period of exposure. Thus, if an operation 
requires, for example, 1 hr to complete, and if the critical wind loads on the aerospace vehicle can be defined in 
terms of the peak wind speed, then it is the probability of occurrence of the peak wind speed during a 1-hr period 
that gives a measure of the risk of the occurrence of structural failure. Similarly, if an operation requires 1 day  
to complete, then it is the probability of occurrence of the peak wind speed during a 1-day period that gives  
a measure of the risk of structural failure.
 These peak wind statistics are usually transformed to the 18.3-m (60-ft) reference level for design pur-
poses, or sometimes to higher levels for operational applications. However, to perform loading and response cal-
culations resulting from steady-state and random turbulence drag loads and von Karman vortex shedding loads, 
the engineer requires information about the vertical variation of the mean wind and the structure and turbulence  
in the atmospheric boundary layer. The philosophy is to extrapolate the peak wind statistics up in height via  
a peak wind profile, and the associated steady-state or mean wind profile is obtained by applying a gust factor  
that is a function of wind speed and height.
 2.2.5.2  Peak Wind Profile Shapes.  To develop a peak wind profile model, ≈6,000 hourly peak wind 
speed profiles measured at NASA’s ground wind tower facility at KSC were analyzed. The sample, composed  
of profiles of hourly peak wind speeds measured at the 18-, 30-, 60-, 90-, 120-, and 150-m levels, showed that  
the variation of the peak wind speed in the vertical, below 150 m, for engineering purposes, could be described 
with a power law relationship given by
 u z u z
k




18 3 18 3  (2.1)
where u(z) is the peak wind speed (m/s) at height z in meters above the natural grade and u18.3 is a known peak 
wind speed at z = 18.3 m. The peak wind is referenced to the 18.3-m (60-ft) level because this level has been 
selected as the standard reference for the KSC launch area. A reference level should always be stated when dis-
cussing ground winds to avoid confusion in interpretation of risk statements and structural load calculations.
 A statistical analysis of the peak wind speed profile data revealed that, for engineering purposes, k is dis-
tributed normally for any particular value of the peak wind speed at the 18.3-m level. Thus, for a given percentile 
level of occurrence, k is approximately equal to a constant for u18.3 ≤ 2 m/s. For u18.3 > 2 m/s,
 k c u= ( )−18 3 3 4. / ,  (2.2) 
where u18.3 has the units of meters per second. The parameter, c, for engineering purposes, is distributed normally 
with mean value 0.52 and standard deviation 0.36 and has units of (m/s)3/4. The distribution of k as a function of 
u18.3 is depicted in figure 2-2. The k+3σ values are used in design studies.
 2.2.5.3  Instantaneous Extreme Wind Profiles.  The probability that the hourly peak wind speeds will 
occur (within the boundary layer ≤150 m) simultaneously is small. Accordingly, the practice of using peak wind 
profiles introduces some conservatism into the design criteria; however, the probability is relatively large that 
when the hourly peak wind occurs at the 18.3-m level, the winds at the other levels will almost take on the hourly 
peak values.
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Figure 2-2.  Distribution of the peak wind profile parameter k for various peak wind speeds 
 at the 18.3-m (60-ft) reference level for KSC.
 To gain some insight into this question, ≈35 hr of digitized magnetic tape data were analyzed. The data 
were digitized at 0.2-s intervals and partitioned into 0.5-, 2-, 5-, and 10-min samples. The vertical average peak 
wind speed, uP, and the 18.3-m mean wind speed, u18 3. , were calculated for each sample. In addition, the instan-
taneous vertical average wind speed time history at 0.2-s intervals was calculated for each sample, and the peak 
instantaneous vertical average wind speed, uI, was selected for each sample. The quantity u uI P/  was then inter-
preted to be a measure of how well the peak wind profile approximated the instantaneous extreme wind profile.
 Figure 2-3 is a plot of u uI P/  as a function of u18 3. . The data points tend to scatter about a mean value 
of u uI P/  0.93; however, some of the data points have values equal to 0.98. These results justify the use of peak 
wind profiles for engineering design purposes.
 2.2.5.4  Peak Wind Profile Shapes for Other Test Ranges and Sites.  Detailed analyses of ground wind 
profile statistics are not available for test ranges and sites other than KSC. The exponent k in equation (2.1) is a 
function of wind speed, surface roughness, etc. For moderate surface roughness conditions, the extreme value of 
k is usually ≤0.2 during high winds (>15 m/s). For design and planning purposes for test ranges and sites other 
than KSC, it is recommended that the values of k given in table 2-1 be used. These values of k are the only values 
specified in this document for sites other than KSC and represent estimates for the 99.87 percentile, or 3σ (0.13-
percent risk), values for the peak wind speed profile shape. A recent study resulted in k = 0.085 for Edwards Air 
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Figure 2-3.  The ratio u uI P/  as a function of the 18.3-m (60-ft) reference level mean 
 wind speed u18 3.  for a 10-min sampling period.
Table 2-1.  Values of k to use for test ranges other than KSC.
k Value 18.3-m Reference Level Peak Wind Speed (m/s)
k = 0.2
k = 0.14
7 ≤ u18.3 < 22
22 ≤ u18.3
 2.2.5.5  Aerospace Vehicle Design Wind Profiles.  The data presented in this section provide basic peak 
wind speed profile (envelope) information for test, free-standing, launch, and lift-off conditions to ensure satis-
factory performance of an aerospace vehicle. To establish vehicle responses, the peak design surface winds are 
assumed to act normal to the longitudinal axis of the vehicle on the launch pad and to be from the most critical 
direction.
 2.2.5.5.1  Design Wind Profiles for Kennedy Space Center.  Peak wind profiles are characterized by two 
parameters: (1) The peak wind speed at the 18.3-m reference level and (2) the shape parameter k. Once these two 
quantities are defined, the peak wind speed profile envelope is completely specified. Accordingly, to construct 
a peak wind profile for KSC, in the context of launch vehicle loading and response calculations, two pieces of 
information are required. First, the risk of exceeding the design wind peak speed at the reference level for a given 
period must be specified. Once this quantity is given, the design peak wind speed at the reference level is auto-
matically specified (fig. 2-4). Second, the risk associated with compromising the structural integrity of the vehicle 
once the reference level design wind occurs must be specified. This second quantity and the reference level peak 
wind speed will determine the value of k that is to be used in equation (2.1).
 It is recommended that the k + 3σ  value of k be used for the design of aerospace vehicles. Thus, if an 
aerospace vehicle designed to withstand a particular value of peak wind speed at the 18.3-m reference level is 
exposed to that peak wind speed, the vehicle has at least a 99.865-percent chance of withstanding possible peak 
wind profile conditions. See table 2-56 for standarized normal (univariate) distribution for percentiles and inter-
percentile ranges.










Figure 2-4.  Reference level of 18.3 m (60 ft); KSC peak wind speed for windiest reference period 
 versus probability for several exposure periods applicable to vehicle design 
 criteria development.
 Operational ground wind constraints for established vehicles should be determined for a reference level 
(above natural grade) near the top of the vehicle while on the launch pad. The profile may be calculated using 
equations (2.1) and (2.2) with a value of k = k + 3σ . This will produce a peak wind profile envelope associated 
with an upper reference level ground wind constraint.
 Table 2-2 contains peak wind speed profiles for various envelope values of peak wind speed at the 10-m 
(33-ft) level for fixed values of risk for the worst monthly-hourly reference periods of the year for a 1-hr expo-
sure. To construct these profiles, the 1-hr exposure period statistics for each hour in each month were constructed. 
This exercise yielded 288 distribution functions (12 mo times 24 hr), which were enveloped to yield the largest 
or “worst” 10-m-level peak wind speed associated with a given level of risk for all monthly-hourly reference 
periods. Thus, for example, according to table 2-2 there is at most a 10-percent risk that the peak wind speed will 
exceed 13.9 m/s (27 kt) during any particular hour in any particular month at the 10-m level; and, if a peak wind 
speed equal to 13.9 m/s (27 kt) should occur at the 10-m level, then there is only a 0.135-percent chance that the 





















































































































Table 2-2.  Peak wind speed profile envelopes for various values of risk 
 of exceeding the 10-m- (33-ft-) level peak wind speed for 1-hr 
 exposure (hourly-monthly reference period) for KSC.
Height
Risk (%)
20 10 5 1 0.1





















































































 Tables 2-3 through 2-5 contain peak wind speed profile envelopes for various values of peak wind speed 
at the 10-m (33-ft) level and fixed values of risk for various exposure periods. The 1-day exposure values of peak 
wind speed were obtained by constructing the daily peak wind statistics for each month and then enveloping these 
distributions to yield the worst 1-day exposure, 10-m-level peak wind speed for a specified value of risk (daily-
monthly reference period). The 30-day exposure envelope peak wind speeds were obtained by constructing the 
monthly peak wind statistics for each month and then constructing the envelope of the distributions (monthly-
annual reference period). The 10-day exposure statistics were obtained by interpolating between the 1- and 30-day 
exposure period results. The envelopes of the 90-day exposure period statistics are the 90-day exposure statistics 
associated with the 12 trimonthly periods (January-February-March, February-March-April, March-April-May, 
etc.) (90-day annual reference period). Finally, the 365-day exposure period statistics were calculated with the 
annual peak wind sample (17 data points) to yield one distribution. Tables 2-3 through 2-5 contain the largest or 
“worst” 10-m-level peak wind speed associated with a given level of risk for the stated exposure periods.
Table 2-3. Peak wind speed envelopes for a 10-percent risk value 
 of exceeding the 10-m- (33-ft-) level peak wind speed 
 for various reference periods of exposure for KSC.
Height
Exposure (Days)
1 10 30 90 365






















































































Table 2-4. Peak wind speed profile envelopes for a 5-percent risk value 
 of exceeding the 10-m- (33-ft-) level peak wind speed for various 
 reference periods of exposure for KSC.
Height
Exposure (days)
1 10 30 90 365





















































































Table 2-5. Peak wind speed profile envelopes for a 1-percent risk value 
 of exceeding the 10-m- (33-ft-) level peak wind speed for various 
 reference periods of exposure for KSC.
Height
Exposure (days)
1 10 30 90 365





















































































 It is recommended that the data in tables 2-2 through 2-5 be used as the basis for aerospace vehicle design 
for KSC operations. Wind profile statistics for the design of permanent ground support equipment are discussed  
in section 2.2.10.
 Mean wind profiles or steady-state wind profiles can be obtained from the peak wind profiles by divid-
ing the peak wind by the appropriate gust factor (sec. 2.2.7). It is recommended that the 10-min gust factors be 
used for structural design purposes. Application of the 10-min gust factors to the peak wind profile corresponds to 
averaging the wind speed over a 10-min period. This averaging period appears to result in a stable mean value of 
the wind speed. Within the range of variation of the data, the 1-hr and 10-min gust factors are approximately equal 
for sufficiently high wind speed. This occurs because the spectrum of the horizontal wind speed near the ground is 
characterized by a broad energy gap centered at a frequency ≅0.000278 Hz (1 cycle/hr) and typically extends over 
the frequency domain 0.000139 Hz (0.5 cycle/hr) < ω < 0.0014 Hz (5 cycles/hr). The Fourier spectral components 
associated with frequencies <0.000278 Hz (1 cycle/hr) correspond to the meso- and synoptic-scale atmospheric 
motions, while the remaining high-frequency spectral components correspond to mechanically and thermally-  
produced turbulence. Thus, a statistically stable estimate of the mean or steady-state wind speed can be obtained 
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by averaging over a period in the range from 10 min to 1 hr. Since this period is far longer than any natural period 
of structural vibration, it assures that effects caused by the mean wind properly represent steady-state, non- 
transient effects. The steady-state wind profiles, calculated with the 10-min gust factors, that correspond to those 
in tables 2-2 through 2-5 are given in tables 2-6 through 2-9.
Table 2-6.  10-min mean wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level mean wind speed for a 1-hr exposure (hourly-monthly 
 reference period) for KSC.
Height
Risk (%)
20 10 5 1 0.1





















































































Table 2-7.  10-min mean wind speed profile envelopes for a 10-percent risk value 
 of exceeding the 10-m- (33-ft-) level mean wind speed for various  
 reference periods of exposure for KSC.
Height
Exposure (days)
1 10 30 90 365





















































































 2.2.5.5.2  Design Ground Wind Profiles for Other Locations.  Tables 2-10 through 2-17 contain recom-
mended design ground wind profiles for several different risks of exceeding the 10-m- (33-ft-) level peak wind 
speed and 10-min mean wind speed for a 1-hr exposure period. These tables are based on the same philosophy as 
tables 2-2 and 2-6 for KSC. The locations for which data are provided include Stennis Space Center (SSC), MS; 
VAFB, CA; White Sands Missile Range (WSMR), NM; and EAFB, CA. 
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Table 2-8.  10-min mean wind speed profile envelopes for a 5-percent risk value of exceeding the 10-m- 
 (33-ft-) level mean wind speed for various reference periods of exposure for KSC.
Height
Exposure (days)
1 10 30 90 365





















































































Table 2-9.  10-min mean wind speed profile envelopes for a 1-percent risk value of exceeding the 10-m- 
 (33-ft-) level mean wind speed for various reference periods of exposure for KSC.
Height
Exposure (days)
1 10 30 90 365





















































































Table 2-10. Surface peak wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level peak wind speed for 1-hr exposure (hourly-monthly reference 
 period) for the SSC area.
Height
Risk (%)
20 10 5 1 0.1






















































































Table 2-11. Surface mean wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level, 10-min mean wind speed for 1-hr exposure (hourly-monthly 
 reference period) for SSC area.
Height
Risk (%)
20 10 5 1 0.1





















































































Table 2-12. Surface peak wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level peak wind speed for 1-hr exposure (hourly-monthly reference 
 period) for VAFB.
Height
Risk (%)
20 10 5 1 0.1





















































































Table 2-13. Surface mean wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level, 10-min mean wind speed for 1-hr exposure (hourly-monthly 
 reference period) for VAFB.
Height
Risk (%)
20 10 5 1 0.1






















































































Table 2-14.  Surface peak wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level peak wind speed for 1-hr exposure (hourly-monthly reference 
 period) for WSMR.
Height
Risk (%)
20 10 5 1 0.1





















































































Table 2-15. Surface mean wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level, 10-min mean wind speed for 1-hr exposure (hourly-monthly 
 reference period) for WSMR.
Height
Risk (%)
20 10 5 1 0.1





















































































Table 2-16. Surface peak wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level peak wind speed for 1-hr exposure (hourly-monthly reference 
 period) for EAFB.
Height
Risk (%)
20 10 5 1 0.1






















































































Table 2-17.  Surface mean wind speed profile envelopes for various values of risk of exceeding 
 the 10-m- (33-ft-) level, 10-min mean wind speed for 1-hr exposure (hourly-monthly 
 reference period) for EAFB.
Height
Risk (%)
20 10 5 1 0.1





















































































 The peak/mean wind profiles were constructed with a 1.4 gust factor and mean 3σ value of k, as given  
in section 2.2.5.4. Some additional general ground wind data are given in references 2-5 and 2-6 for several other 
locations. 
 2.2.5.5.3  Frequency of Reported Calm Winds.  Generally, aerospace vehicle design criteria wind problems 
are concerned with high wind speeds, but a condition of calm or very low speeds (generally <0.5 mps (<1 kt)) 
may also be important. For example, with no wind to disperse venting vapors such as liquid oxygen (lox), a poor 
visibility situation could develop around the vehicle. Calm wind conditions can also have significant implications 
relative to the atmospheric diffusion of vehicle exhaust clouds (see sec. 11). In addition, calm wind in conjunction 
with high solar heating can result in significantly high vehicle compartment temperatures. Table 2-18 shows the 
frequency of calm winds at the 10-m (33-ft) level for KSC as a function of time of day and month. The maximum 
percentage of calm winds appears in the summer and during the early morning hours, with the minimum percent-
age appearing throughout the year during the afternoon. Similar tables for other locations can be generated upon 
request.
2.2.6  Spectral Ground Wind Turbulence Model
 Under most conditions, ground winds are fully developed turbulent flows. This is particularly true when 
the wind speed is greater than a few meters per second or the atmosphere is unstable, and especially when both 
conditions exist. During nighttime conditions when the wind speed is typically low and the stratification is stable, 
the intensity of turbulence is small, if not nil. Spectral methods are a particularly useful way of representing  
the turbulent portion of the ground wind environment for launch vehicle design purposes, as well as for use  
in diffusion calculations of toxic fuels and atmospheric pollutants.
 2.2.6.1  Introduction.  At a fixed point in the atmospheric boundary layer, the instantaneous wind vector 
from the quasi-steady wind vector is the horizontal vector component of turbulence. This vector departure can be 
represented by two components, the longitudinal and the lateral components of turbulence, which are parallel and 
perpendicular to the steady-state wind vector in the horizontal plane (fig. 2-5). The model contained herein is a 
spectral representation of the characteristics of the longitudinal and lateral components of turbulence. The model 
analytically defines the spectra of these components of turbulence for the first 200 m of the boundary layer.  
In addition, it defines the longitudinal and lateral cospectra, quadrature spectra, and corresponding coherence 
functions associated with any pair of levels in the boundary space. Details concerning the model can be found  
in references 2-7 through 2-10.
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Table 2-18.  Frequency (percent) of reported calm wind at the 10-m (33-ft) level for KSC.
Hour Month

































































































































































































































































































































































Figure 2-5.  The relationship between the quasi-steady state and the horizontal instantaneous wind vectors 
 and the longitudinal and lateral components of turbulence.
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 2.2.6.2  Turbulence Spectra.  The longitudinal and lateral spectra of turbulence at frequency, ω,  
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,  (2.6) 
and
 u c u zr* .= ( )6  (2.7) 
In these equations, zr is a reference height equal to 18.3 m (60 ft); u(zr) is the quasi-steady wind speed at height 
z; and the quantities ci (i = 1,2,3,4,5) are dimensionless constants that depend upon the site and the atmospheric 
stability. The frequency, ω, in units of cycles per unit time, is defined with respect to a structure or vehicle at rest 
relative to the Earth. These equations and variables are further described and explained in reference 2-7. The 
reader is referred to sections 2.3.12 and 2.3.13 for the definition of turbulence spectral inputs for application to 
the takeoff and landing of conventional aeronautical systems and the landing of the Space Shuttle orbiter vehicle. 
The spectrum S(ω) is defined so that integration over the domain 0 ≤ ω ≤ ∞ yields the variance of the turbulence. 
Engineering values of ci are given in table 2-19 for the longitudinal spectrum and in table 2-20 for the lateral spec-
trum. The ground wind spectral model is only valid to heights at and above the 18.3-m level.
Table 2-19.  Dimensionless constants (ci) for the longitudinal spectrum of turbulence for KSC.
Conditions c1 c2 c3 c4 c5 












Table 2-20.  Dimensionless constants (ci) for the lateral spectrum of turbulence for KSC.
Conditions c1 c2 c3 c4 c5 













 The constant c6 to input into equation (2.7) can be estimated with the equation
















where z0 is the surface roughness length of the site and Ψ is a parameter that depends upon the stability. If z0 is 
not available for a particular site, then an estimate of z0 can be obtained by taking 10 percent of the typical height 
of the surface obstructions (grass, shrubs, trees, rocks, etc.). The typical height is determined over a fetch (the 
distance the wind blows over a surface) equal to ≈1,500 m (≈4,900 ft). The parameter Ψ vanishes for strong wind 
conditions and is of order unity for light wind, unstable daytime conditions at KSC. Typical values of z0 for vari-
ous surfaces are given in table 2-21.
Table 2-21.  Typical values of surface roughness length (z0) for various types of surfaces.


































 The function given by equation (2.3) is depicted in figures 2-6 and 2-7. Upon prescribing the steady- 
state wind profile u(z) and the site (z0), the longitudinal and lateral spectra are completely specified functions  
of height, z, and frequency, ω. A discussion of the units of the various parameters mentioned previously is given  
in section 2.2.6.4.
 2.2.6.3  The Cospectrum and Quadrature Spectrum. The cospectrum (C) and the quadrature spectrum 
(Q) associated with either the longitudinal or lateral components of turbulence at levels z1 and z2 can be  
represented by the following:
 C z z S S ff fω π γ, , exp . cos ,.1 2 1 2 0 5




( )∆∆ ∆  (2.9) 
 Q z z S S ff fω π γ, , exp . sin ,.1 2 1 2 0 5




( )∆∆ ∆  (2.10) 
2-20
Figure 2-6.  ωS(ω)/βu*2 versus 0.04 f/fm (longitudinal) and 0.033 f/fm (lateral) 
 for light wind daytime conditions.
0.04 f/fmu or 0.033 f/fmv
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Figure 2-7.  ωS(ω)/βu*2 versus 0.03 f/fm (longitudinal) and 0.1 f/fm (lateral) for strong wind conditions.
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where
  ∆ f zu z
z





.  (2.11) 
The quantities S1 and S2 are the longitudinal or lateral spectra at levels z1 and z2, respectively, and u(z1) and u(z2) 
are the steady-state wind speeds at levels z1 and z2. The quantity ∆ f0.5 is a nondimensional function of stability, 
where ∆ f0.5 is that value for which the coherence (coh) is equal to 0.5, and values of this parameter for KSC are 
given in table 2-22. The nondimensional quantity, γ, should depend upon height and stability. However, it has 
only been possible to detect a dependence on height at KSC. Based upon analysis of turbulence data measured at 
the 150-m (492-ft) Ground Wind Tower facility at KSC, the values of γ in table 2-23 are suggested for KSC. The 
quantity ∆ f0.5 can be interpreted by constructing the coherence function, which is defined to be
  coh ω , , .z z C QS S1 2
2 2
1 2
( ) = +  (2.12) 
Table 2-22.  Values of f0.5 for KSC.







Table 2-23.  Values of γ  for KSC.







Substituting equations (2.9) and (2.10) into equation (2.12) yields 
  coh ω , , exp . .
.
z z ff1 2 0 5







 2.2.6.4  Units.  The spectral model of turbulence presented in sections 2.2.6.2 and 2.2.6.3 is a dimension-
less model. Accordingly, the user is free to select the system of units desired, except that ω must have the units  
of cycles per unit time. Table 2-24 gives the appropriate metric and U.S. customary units for the various quantities 
in the model.
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Table 2-24.  Metric and U.S. customary units of various quantities in the turbulence model.
Quantity  Metric Units U.S. Customary Units
ω
S(ω), Q(ω), C(ω)
f, fm, ∆f, ∆f0.5
























2.2.7  Ground Wind Gust Factors
 The gust factor, G, is defined to be
  G uu= ,  (2.14) 
where
 u = maximum wind speed at height z within an average period of length in time, τ
 u = mean wind speed associated with the average period τ, given by
  u u t dti= ∫
1
0τ
τ ( ) , (2.15) 
 ui (t) = instantaneous wind speed at time, t
 t  = time reckoned from the beginning of the averaging period. 
 If τ = 0, then u  = u according to equation (2.15), and it follows from equation (2.14) that G = 1. As τ 
increases, u  departs from u, and u  ≤ u, and G > 1. Also, as τ increases, the probability of finding a maximum 
wind of a given magnitude increases. In other words, the maximum wind speed increases as τ increases. In the 
case of u  ≥ 0 and u ≥ 0 ( u  = 0 might correspond to windless free convection), G ≥ ∞. As u  or u increases, G 
tends to decrease for fixed τ  > 0; while, for very high wind speeds, G tends to approach a constant value for given 
values of z and τ. Finally, as z increases, G decreases. Thus, the gust factor is a function of the averaging time, τ, 
over which the mean wind speed is calculated, the height, z, and wind speed (mean or maximum).
 2.2.7.1  Gust Factor as a Function of Peak Wind Speed (u18.3) at Reference Height for KSC.  Inves-
tigations (ref. 2-10) of gust factor data have revealed that the vertical variation of the gust factor can be described 
with the following relationship:











where z is the height in meters above natural grade. The parameter, p, a function of the 18.3-m (60-ft) reference 
height peak wind speed in meters per second, is given by
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  p e u= − −0 283 0 435 0 2 18 3. . .. .  (2.17) 
The parameter g0 depends on the averaging time and the 18.3-m peak wind speed and is given by
 g t e u0








−. ln . ln . . ,. .τ  (2.18)
where τ is given in minutes and u18.3 in meters per second.
 These relationships are valid for u18.3 ≥ 4 m/s and τ ≤ 10 min. In the interval 10 min ≤ τ ≤ 60 min,  
G is a slowly increasing monotonic function of τ, and for all engineering purposes, the 10-min gust factor  
(τ = 10 min) can be used as an estimate of the gust factors associated with averaging times >10 min and <60 min 
(10 min ≤ τ ≤ 60 min).
 The calculated mean gust factors for 10 min for values of u18.3  in the interval 4.63 m/s ≤ u18.3 ≤ ∞ are 
presented in table 2-25 in both the U.S. customary and metric units for u18.3 and z. As an example, the gust factor 
profile for τ = 10 min and u18.3 = 9.27 m/s (18 kt) is given in table 2-26. Since the basic wind statistics are given 
in terms of hourly peak wind, use the τ = 10-min gust factors to convert the peak winds to mean winds by divid-
ing by G. All gust factors in these sections are expected values for any particular set of values for u, τ, and z.
 2.2.7.2  Gust Factors for Other Locations.  For design purposes, the gust factor value of 1.4 (ref. 2-9) 
should be used over all heights of the ground wind profile at other test ranges. This gust factor should correspond  
to an approximate 10-min averaging period.





















































































































































































2.2.8  Ground Wind Shear
 Wind shear near the surface—for design purposes—is a shear that acts on an aerospace vehicle, free-
standing on the pad, or at time of lift-off. For overturning moment calculations, the wind shear should be com-
puted by first subtracting the 10-min mean wind speed at the height corresponding to the base of the vehicle from 
the peak wind speed at the height corresponding to the top of the vehicle (see sec. 2.2.5.5 for mean and peak wind 
profiles) and then dividing the difference by the height of the vehicle. The reader should consult references 2-11 
through 2-19 for a detailed discussion of the statistical properties of wind shear near the ground for engineering 
applications.
2.2.9  Ground Wind Direction Characteristics
 Figure 2-1 (sec. 2.2.5.1) shows an example of an hourly time trace of wind direction (section of a wind 
direction recording chart). This wind direction trace may be visualized as being composed of a mean wind direc-
tion plus fluctuations about the mean. An accurate measure of ambient wind direction near the ground is difficult 
to obtain sometimes because of the interference of the structure that supports the instrumentation and other obsta-
cles in the vicinity of the measurement location (ref. 2-20). This is particularly true for launch pads; therefore, 
care must be exercised in locating wind sensors in order to obtain representative measurements of the ambient 
wind direction.
 General information, such as the following, is available and may be used to specify conditions for particu-
lar engineering studies. For instance, the variation of wind direction as a function of mean wind speed and height 
from analysis of the 150-m (492-ft) Ground Winds Tower Facility data at KSC is discussed in reference 2-4. A 
graph is shown in reference 2-4 that gives values of the standard deviation of the wind direction σθ  as a function 
of height for a sampling time of ≈5 min.
2.2.10  Design Winds for Facilities and Ground Support Equipment
 2.2.10.1  Introduction.  In this section, the important relationships between desired lifetime, N (years); 
calculated risk, U (%÷100); design return period, TD (years); and design wind, WD (m/s or kt) will be described 
for use in facilities design for several locations.
 The desired lifetime, N, is expressed in years, and preliminary estimates must be made as to how many 
years the proposed facility is to be used.
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 The calculated risk, U, is a probability expressed either as a percentage or as a decimal fraction.  
Calculated risk, sometimes referred to as design risk, is a probability measure of the risk the designer is willing  
to accept that the facility will be destroyed by wind loading in less time than the desired lifetime.
 The design return period, TD, is expressed in years and is a function of desired lifetime and calculated 
risk.
 The design wind, WD, is a function of the desired lifetime and calculated risk and is derived from  
the design return period and a probability distribution function of yearly peak winds.
 2.2.10.2  Development of Relationships.  From the theory of repeated trial probability, the following 
expression can be derived:












 Equation (2.19) gives the important relationships for the three variables—calculated risk, U (%+100); 
design return period, TD (years); and desired lifetime, N (years). If estimates for any two variables are available, 
the third can be determined from this equation.
 Design return period, TD, calculated with equation (2.19) for various values of desired lifetime, N,  
and design risk are given in table 2-27. The table presents the exact and adopted values for design return period 
versus desired lifetime for various design risks. The adopted values for TD are in some cases greatly oversized  
to facilitate a convenient use of the tabulated probabilities for distributions of yearly peak winds.
Table 2-27.  Exact (Ex) and adopted values for design return period (TD, yr) 
 versus desired lifetime (N, yr) for various design risks (U).
N
(yr)
Design Return Period (yr)
U = 0.5 (50%) U = 0.2 (20%) U = 0.1 (10%) U = 0.05 (5%) U = 0.01 (1%)














































































 2.2.10.3  Design Winds for Facilities.  To obtain the design wind, the wind speed corresponding to the 
design return period must be determined. Since the design return period is a function of risk, either of two pro-
cedures can be used to determine the design wind:  (1) Through a graphical or numerical interpolation procedure 
or (2) based on an analytical function. A knowledge of the distribution of yearly peak winds is required for both 
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procedures. For the greatest statistical efficiency in arriving at the probability that the peak winds will be less than 
or equal to some specified value of yearly peak winds, an appropriate probability distribution function must be 
selected and the parameters for the function estimated from the sample of yearly peak winds. The Gumbel distri-
bution (ref. 2-3) is an excellent fit for the yearly peak ground wind speed at the 10-m (33-ft) level for KSC. The 
distribution of yearly peak wind speed (10-m level), as obtained by the Gumbel distribution, is tabulated for vari-
ous percentiles together with the corresponding return periods in table 2-28. The values for the parameters α and 
µ for this distribution are also given in this table.
Table 2-28.  Gumbel distribution for yearly peak wind speed, 10-m (33-ft) reference level, 
 including hurricane winds for KSC.
Return Period
































































































α–1 = 5.5917 m/s (10.87 kt)                           µ = 23.4 m/s (45.49 kt)
   F = exp(–exp(–y)), where y = α(x–µ)
F = probability distribution function of the reduced variate, y.
 The design wind speed can now be determined by choosing a desired lifetime, design risk, by taking  
the design return period from table 2-27 and looking up the wind speed corresponding to the return periods  
in table 2-28. For combinations not tabulated in tables 2-27 and 2-28, the design return period can be interpolated.
 2.2.10.4  Procedure to Determine Design Winds for Facilities.  The design wind, WD, as a function of 
desired lifetime, N, and calculated risk, U, for the Gumbel distribution of peak winds at the 10-m (33-ft) reference 
level, can be derived as
  W U ND = − − −[ ] +[ ] +1 1α µln ln( ) ln ,  (2.20) 
where α and µ are estimated from the sample of yearly peak wind.
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 Taking the values for α–1 = 5.59 m/s (10.87 kt) and for µ = 23.4 m/s (45.49 kt) from table 2-28  
and evaluating equation (2.20) for selected values of N and U yields the data in table 2-29.
 Design wind speed versus desired lifetime is plotted in figure 2-8 where the slopes of the lines are equal.
Table 2-29.  Facility design wind, WD10 , with respect to the 10-m (33-ft) reference level peak  wind speed for various lifetimes (N) for KSC.
Design Risk
(U) 1 – U –ln(–ln(1 – U ))
Design Wind (WD10) for Various Lifetimes (N)*
N = 1 N = 10 N = 30 N = 100



































































































































= 5.59 m/s (10.87 kt)





























Figure 2-8.  Facility design wind, WD10 , with respect to the 10-m (33-ft) reference level  peak wind speed for various lifetimes (N) for KSC.
 2.2.10.5  Wind Load Calculations.  The design wind for a structure cannot be determined solely by wind 
statistics at a particular height. The design engineer is most interested in designing a structure that satisfies the 
user’s requirements for utility, which will have a small risk of failure within the desired lifetime of the structure, 
and which can carry a sufficiently large wind load and be constructed at a sufficiently low cost. 
2-28
 The total wind loading on a structure is composed of two interrelated components—steady-state drag 
wind loads and dynamic wind loads (time-dependent drag loads, vortex shedding forces, etc.). The time required 
for a structure to respond to the drag wind loads dictates the averaging time for the design wind profile. In gen-
eral, the structure response time depends upon the shape of the structure. The natural frequency of the structure 
and its components are important in estimating the dynamic wind load. It is conceivable that a structure could be 
designed to withstand very high peak wind speeds without structural failure and still oscillate in moderate steady-
state wind speeds. If such a structure, for example, is to be used to support a precision tracking radar, then there 
may be little danger of overloading the structure by high peak winds; but, the structure might be useless for its 
intended purpose if it were to oscillate in a moderate steady-state wind. Also, a building may have panels or small 
members that could respond to dynamic loading in such a way that long-term vibrations could cause failure with-
out any structural failure of the main supporting members. 
 Since dynamic wind loading requires an intricate knowledge of the particular facility and its components, 
no attempt is made here to state generalized design criteria for dynamic wind loading. The emphasis in this sec-
tion is on winds for estimating drag wind loads in establishing design wind criteria for structures. Reference  
is made to sections 2.2.5.5 and 2.2.6 for information appropriate to dynamic wind loads.
 2.2.10.6  Wind Profile Construction.  Given the peak wind at the 10-m (33-ft) level, the peak wind 
profile can be constructed with the peak wind profile law from section 2.2.5.5. Steady-state wind profiles can be 
obtained by using appropriate gust factors which are discussed in section 2.2.7.
 To illustrate the procedures and operations in deriving the wind profile and the application of the gust fac-
tor, three examples are worked out for KSC. Peak wind speeds at the 10-m level of 36, 49, and 62 m/s (70, 95, and 
120 kt) have been selected for these examples. These three wind speeds were selected because they correspond to 
a return period of 10, 100, and 1,000 yr for a peak wind at the 10-m level at KSC. Table 2-30 contains the risks of 
exceeding these peak winds for various values of desired lifetime. Table 2-31 gives the peak design wind profiles 
corresponding to the desired lifetimes and calculated risks presented in table 2-30. These profiles were calculated 
using equation (2.22).
Table 2-30.  Calculated risk (U) versus desired lifetime (N, yr) for assigned design winds
 related to peak winds at the 10-m (33-ft) reference level for KSC.
N (yr)
WD10 = 36 m/s
(70 kt)
TD = 10 yr
U (%)
WD10 = 49 m/s
(95 kt)
TD = 100 yr
U (%)
WD10 = 62 m/s
(120 kt)






























 TD =Design return period
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Table 2-31.  Design peak wind profiles for design wind relative to the 10-m (33-ft) reference level for KSC.
Height
WD10 = 36 m/s
(70 kt)
WD10 = 49 m/s
(95 kt)
WD10 = 62 m/s
(120 kt)

























































 2.2.10.7  Use of Gust Factors Versus Height. In estimating the drag load on a particular structure, it may 
be determined that wind force of a given magnitude must act on the structure for some period (e.g., 1 min) to pro-
duce a critical drag load. To obtain the wind profile corresponding to a time-averaged wind, the peak wind profile 
values are divided by the required gust factors. The gust factors for winds >15 m/s (29 kt) versus height given in 
table 2-32 are taken from section 2.2.7. This operation may seem strange to someone who is accustomed to multi-
plying the given wind by a gust factor in establishing the design wind. This is because most literature on this sub-
ject gives the reference wind as averaged over some time increment (e.g., 1, 2, or 5 min) or in terms of the “fastest 
mile” of wind that has a variable averaging time, depending upon the wind speed. The design wind profiles for the 
three examples, peak winds of 36, 49, and 62 m/s (70, 95, and 120 kt) at the 10-m (33-ft) level for various aver-
aging times, τ, given in minutes, are illustrated in tables 2-33 through 2-35. Following the procedures presented 
herein, the design engineer can objectively derive several important design parameters that can be used in design-
ing a facility that will (1) meet the requirements for utility and desired lifetime, (2) withstand a sufficiently large 
wind loading with a known calculated risk of failure due to wind loads, and (3) allow the design engineer to pro-
ceed with tradeoff studies between the design parameters and to estimate the cost of building the structure to best 
meet these design objectives.
Table 2-32.  Gust factors for various averaging times (τ) for peak winds >15 m/s (>29 kt) 
 at the 10-m (33-ft) reference level versus height for KSC.
Height Various Averaging Times, τ (min)



















































Table 2-33.  Design wind profiles for various averaging times (τ) for peak design wind 
 of 36 m/s (70 kt) relative to the 10-m (33-ft) reference level for KSC.
Design Wind Profiles for Various Averaging Times, τ (min)
τ = 0 τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-34.  Design wind profiles for various averaging times (τ) for peak design wind 
 of 49 m/s (95 kt) relative to the 10-m (33-ft) reference level for KSC.
Design Wind Profiles for Various Averaging Times, τ (min)
τ = 0 τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-35.  Design wind profiles for various averaging times (τ) for peak design wind 
 of 62 m/s (120 kt) relative to the 10-m (33-ft) reference level for KSC.
Design Wind Profiles for Various Averaging Times, τ (min)
τ = 0 τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10




































































































 2.2.10.8  Recommended Design Risk Versus Desired Lifetime.  Unfortunately, there is not a clear-cut 
precedent from building codes to follow in recommending design risk for a given desired lifetime of a structure. 
Conceivably, a value analysis in terms of original investment cost, replacement cost, safety of property and human 
life, loss of national prestige, and many other factors should be made to give a measure of the consequences of  
the loss of a particular structure in arriving at a decision as to what risk management is willing to accept for the 
loss within the desired lifetime of the structure. If the structure is an isolated shed, then obviously its loss is not  
as great as a structure that would house many people or a structure that is critical to the mission of a large orga-
nization, nor is it as potentially unsafe as the loss of a nuclear power plant or storage facility for explosives or 
highly radioactive materials. To give a starting point for design studies aimed at meeting the design objectives,  
it is recommended that a design risk of 10 percent for the desired lifetime be used in determining the wind load-
ing on structures that have a high replacement cost. Should the loss of the structure be extremely hazardous to life 
or property, or critical to the mission of a large organization, then a design risk of 5 percent or less for the desired 
lifetime is recommended. These are subjective recommendations involving arbitrary assumptions about the design 
objectives. Note that the longer the desired lifetime, the greater the design risk is for a given wind speed (or wind 
loading); therefore, realistic appraisals should be made for desired lifetimes.
 2.2.10.9  Design Winds for Facilities at VAFB, WSMR, EAFB, and SSC.
 2.2.10.9.1  Wind Statistics.  The basic wind statistics for these four locations are taken from refer- 
ence 2-21, which presents isotach maps for the United States for the 50-, 98-, and 99-percentile values for the 
yearly maximum “fastest mile” of wind at the ≈10-m (≈33-ft) reference height above natural grade. By definition, 
the fastest mile is the fastest wind speed in miles per hour of any mile of wind flow past an anemometer during a 
specified period (usually taken as the 24-hr observational day), and the largest of these in a year for the period of 
record constitutes the statistical sample of yearly fastest mile. From this definition, it is noted that the fastest mile 
as a measure of wind speed has a variable averaging time; e.g., if the wind speed is 60 mph, the averaging time for 
the fastest mile of wind is 1 min. For a wind speed of 120 mph, the averaging time for the fastest mile of wind is 
0.5 min. Thom (ref. 2-21) reports that the Frechet probability distribution function fits his samples of fastest mile 
very well. The Frechet probability distribution function is given as











where the two parameters β and γ are estimated from the sample by the maximum likelihood method. From 
Thom’s maps of the 50, 98, and 99 percentiles of fastest mile of wind for yearly extremals, we have estimated 
(interpolated) for these percentiles for the four locations and calculated the values for the parameters β and γ  
for the Frechet distribution function and computed several additional percentiles, as shown in table 2-36.  
To have units consistent with the other sections of this document, the percentiles and the parameters β and γ have 
been converted from miles per hour to meters per second and knots. Thus, table 2-36 gives the Frechet distribu-
tion for the fastest mile of winds at the ≈10-m (≈33-ft) level for the four locations with the units in meters per  
second and knots.
 The discussion in section 2.2.10.2, devoted to desired lifetime, calculated risk, and design wind  
relationships with respect to the wind statistics at a particular height (10-m (33-ft) level), is applicable here, except 
that the reference statistics are with respect to the fastest mile converted to meters per second and knots. (Also see  
reference 2-22.)
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Table 2-36.  Frechet distribution of fastest mile wind at the 10-m (33-ft) height of yearly extremes 

























































































































































 2.2.10.9.2  Conversion of the Fastest Mile to Peak Winds.  The Frechet distributions for the fastest mile 
were obtained from Thom’s analysis for KSC. From these two distributions—the Frechet for the peak winds as 
well as for the fastest mile—the ratio of the percentiles of the fastest mile to the peak winds were taken. This ratio 
varied from 1.12 to 1.09 over the range of probabilities from 30 to 99 percent. Thus, we adopted 1.10 as a factor 
to multiply the statistics of the fastest mile of wind to obtain peak (instantaneous) wind statistics. This procedure 
is based on the evidence of only one station. A gust factor of 1.10 is often applied to the fastest mile statistics  
in facility design work to account for gust loads.
 2.2.10.9.3  The Peak Wind Profile.  The peak wind profile law adopted for the four locations for peak 
winds at the 10-m (33-ft) level >22.6 m/s (>44 kt) is






,  (2.22) 
where u10 is the peak wind at the 10-m (33-ft) height and u is the peak wind at height z in meters.
 2.2.10.9.4  The Mean Wind Profile.  To obtain the mean wind profile for various averaging times, the gust 
factors (table 2-32) are applied to the peak wind profile as determined by equation (2.22).
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 2.2.10.9.5  Design Wind Profiles for Station Locations.  The design peak wind profiles for the peak winds 
in table 2-37 are obtained from the peak wind power law given by equation (2.22), and the mean wind profiles for 
various averaging times are obtained by dividing by the gust factors for the various averaging times. (The gust 
factors versus height and averaging times are presented in table 2-32.) The resulting selected design wind profiles 
for design return periods of 10, 100, and 1,000 yr for the four locations are given in tables 2-38 through 2-46,  
in which values of τ are given in minutes. The design risk versus desired lifetime for the design return periods  
of 10, 100, and 1,000 yr is presented in table 2-30.
Table 2-37.  Peak winds (fastest mile values times 1.10) for the 10-m (33-ft) reference level 


























Table 2-38.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 33.2 m/s (64.5 kt) (10-yr return period) for SSC.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































2.2.11  Ground Winds for Runway Orientation Optimization
 Runway orientation is influenced by a number of factors; e.g., winds, terrain features, population inter-
ference, etc. In some cases, the frequency of occurrence of crosswind components of some significant speed has 
received insufficient consideration. Aligning the runway with the prevailing wind will not ensure that crosswinds 
will be minimized. In fact, two common synoptic situations—one producing light easterly winds and the other 
causing strong northerly winds—might exist in such a relationship that a runway oriented with the prevailing 
wind might be the least useful to an aircraft constrained by crosswind components. Two methods—one empirical 
and the other theoretical—based on the bivariate normal distribution for wind vectors, of determining the opti-
mum runway orientation to minimize critical crosswind component speeds are available (ref. 2-23).
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Table 2-39.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 48.9 m/s (95 kt) (100-yr return period) for SSC.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-40.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 71.4 m/s (138.7 kt) (1,000-yr return period) for SSC.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-41.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 26.8 m/s (52.1 kt) (10-yr return period) for VAFB and WSMR.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10




































































































Table 2-42.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 39.3 m/s (76.3 kt) (100-yr return period) for VAFB and WSMR.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-43.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 56.9 m/s (110.7 kt) (1,000-yr return period) for VAFB and WSMR.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-44.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 19.9 m/s (38.7 kt) (10-yr return period) for EAFB.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10




































































































Table 2-45.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 35.7 m/s (69.4 kt) (100-yr return period) for EAFB.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































Table 2-46.  Facilities design wind as a function of averaging time (τ) for a peak wind 
 of 63.3 m/s (123 kt) (1,000-yr return period) for EAFB.
Height
Facilities Design Wind as a Function of Averaging Times, τ (min)
τ = 0 (peak) τ = 0.5 τ = 1 τ = 2 τ = 5 τ = 10



































































































 In the empirical method, the runway crosswind components are computed for all azimuth and wind speed 
categories in the wind rose (ref. 2-23). From these values, the optimum runway orientation can be selected that 
will minimize the risk of occurrence of any specified crosswind speed.
 The theoretical method requires that the wind components are bivariate normally distributed; i.e., a vector 
wind data sample is resolved into wind components in a rectangular coordinate system, and the bivariate normal 
elliptical distribution is applied to the data sample of component winds. For example, let x1 and x2 be normally 
distributed variables with parameters (ξ1, σ1) and (ξ2, σ2). ξ1 and ξ2 are the respective means, while σ1 and σ2 
are the respective standard deviations. Let ρ be the correlation coefficient, which is a measure of the dependence 
between x1 and x2. Now, the bivariate normal density function is
 
p x x1 2 1 2 2
1 2 1 22 1 2 1, exp/( ) = −( )  × − −(
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 Let α be an arbitrary angle in the rectangular coordinate system. From the statistics in the (x1,x2) space, 
the statistics for any rotation of the axes of the bivariate normal distribution through any arbitrary angle α may 
be computed (ref. 2-24). Let α denote the desired increments for which runway orientation accuracy is required; 
e.g., one may wish to minimize the probability of crosswinds with a runway orientation accuracy down to α = 10º. 
This means we must rotate the bivariate normal axes through every 10º. It is only necessary to rotate the bivariate 
normal surface through 180º since the distribution is symmetric in the other two quadrants. Let (y1,y2) denote the 
bivariate normal space after rotation.
 This rotation process will result in 18 sets of statistics in the (y1,y2) space. The quantity y1 is the head-
wind component, while y2 is the crosswind component. Since we are concerned with minimizing the probability 
of crosswinds (y2) only, we now examine the marginal distribution p(y2) for the 18 orientations. Since p(y1,y2) is 
bivariate normal, the 18 marginal distributions p(y2) must be univariate normal:






















( ) exp ./  (2.24)
ξ2 and σ2 are replaced by their sample estimates Y2 and Sy2. Now, let




where y2 is the critical crosswind of interest and Sy2 is the standard deviation of the y2 with respect to its mean y2 . The quantity z is a normal variable, and the probability of its exceedence is easily calculated from the tables of 
the standard normal integral. Since a right or left crosswind (y2) is a constraint to an aircraft, the critical region 
(exceedence region) for the normal distribution is two-tailed; i.e., we are interested in twice the probability of 
exceeding |y2|. Let this probability of exceedence or risk equal R. Now, the orientation for which R is a minimum 
is the desired optimum runway orientation. The procedure described may be used for any station. Only parameters 
estimated from the data are required as input. Consequently, many runways and locations may be examined  
rapidly.
 Either the empirical or theoretical method may be used to determine an aircraft runway orientation that 
minimizes the probability of critical crosswinds. Again, it is emphasized that the wind components must be bivari-
ate normally distributed to use the theoretical method. In practical applications, the following steps are suggested:
 (1)  Test the component wind samples for bivariate normality if these samples are available.
 (2)  If the component winds are available and cannot be rejected as bivariate normal using 
the bivariate normal goodness-of-fit test, use the theoretical method since it is more expedient and easily  
programmed.
 (3)  If the component wind data samples are not available and there is doubt concerning the assumption  
of bivariate normality of the wind components, use the empirical method.
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2.3  In-Flight Winds (>150 m)
2.3.1  Introduction
 In-flight wind speed profiles (i.e., profiles >150 m or 492 ft) are used in vehicle design studies primar-
ily to establish structural and control system capabilities and to compute performance requirements. The in-flight 
wind speeds selected for vehicle design may not represent the same percentile value as the design surface wind 
speed. The selected wind speeds (in-flight and surface) are determined by the desired on-pad stay time and vehicle 
launch capabilities and can differ in the percentile level. Since the in-flight and surface wind speeds differ in 
degree of persistence for a given reference time period, they can be treated as being statistically independent for 
engineering design purposes.
 Figure 2-9 provides an illustration of the consideration that must be addressed in the application of 
upper-level winds in ascent design studies for an aerospace vehicle. The goal is to minimize the loads the vehicle 
receives, and thus must be designed to accommodate, relative to the upper-level winds and control authority used. 
To accomplish this analysis, a three-way trade study must be accomplished. The three “rules of thumb” noted 
in figure 2-9 are of special importance and must be recognized and understood by the atmospheric environment 




• Flight Profiles are Matched 
 to Wind Profiles:
 – Departures From the Planned Wind 
  Profiles Create the Loads.
Rules of Thumb:
• Assessment of Ability to Fly Requires Analysis of Vehicle “Load Indicators”;
 You Can’t Just Look at the Wind Profile.
• Because Loads Analysis  is Required for Evaluation, Upper-Level Winds
 are Not Incorporated in “Mission Analysis.”
• The More Aerodynamically Complex the Vehicle, the More Complex









Figure 2-9.  Three-way trade space:  Upper level winds-structural loads-control authority.
 Wind profile information for in-flight design studies is presented in two basic forms: synthetic—scalar  
and vector—profiles and measured profile samples. There are certain limitations to each of these wind input 
forms, and their utility in design studies depends on a number of considerations such as (1) accuracy of basic 
measurements, (2) complexity of input to vehicle design, (3) economy and practicality for design use, (4) ability 
to represent significant features of the wind profile, (5) statistical assumption versus physical representation of the 
wind profile, (6) ability of input to ensure control system and structural integrity of the vehicle, and (7) flexibility 
for use in design tradeoff studies.
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 An accurate and adequate number of measured wind profiles are necessary for developing a valid statisti-
cal description of the synthetic wind profile. Fortunately, current records of data from some locations (KSC in 
particular) fulfill these requirements, although a continuing program of data acquisition is vital to further enhance 
the confidence of the statistical information generated. Various methods and sensors for obtaining in-flight profiles 
include the rawinsonde, radar wind profiler, the FPS-16 radar/Jimsphere, the Automated Meteorological Profiling 
System (AMPS), and the rocketsonde. The statistical analyses performed on the in-flight wind profiles provide 
detailed descriptions of the upper winds and an understanding of the profile characteristics, such as temporal and 
height variations, as well as indications of the frequency and the persistence of transient meteorological systems.
 The synthetic—scalar and vector—type of wind profile (see sec. 2.4.5) is the oldest method used to pres-
ent in-flight design wind data. The synthetic wind profile data are presented in this document because this method 
of presentation provides a reasonable approach for most design studies when properly used, especially during the 
early design periods. Also, the concept of synthetic wind profiles is generally understood and employed in most 
aerospace organizations for design computations. The synthetic wind profile includes the wind speed, wind speed 
change, maximum wind layer thickness, and gusts that are required to establish vehicle design structural and con-
trol system values. Table 2-56 provides standardized normal (univariate) distribution for percentiles and interper-
centile ranges.
 Currently, launch vehicles for use at various launch sites and in comprehensive space research mission 
and payload configurations are designed by use of synthetic vector wind and wind shear models without regard 
to specific wind direction. However, if a vehicle is restricted to a given launch site, flight azimuths, and a specific 
configuration and mission, wind components (head, tail, left-cross, or right-cross) are often used. Component 
wind profiles are sometimes used, and, for a given percentile, the magnitudes of component winds are equal to or 
less than those of the scalar winds. Component or directionally-dependent winds should not be employed in initial 
design studies unless specifically authorized by the cognizant design organization. Vector wind and vector wind 
shear models may be more applicable and were used for the Space Shuttle vehicle.
 Selection of a set of detailed wind profiles for final design verification and launch delay risk calculations 
requires the matching of vehicle simulation resolution and technique to frequency or information content  
of the profile. Detailed wind profile data sets for design verification use are available for KSC and VAFB (see  
sec. 2.3.11.1). Selected samples of detailed wind profiles are available for other locations. Contact the NASA 
MSFC Natural Environments Branch.
 The synthetic—scalar and vector—wind profile provides a conditionalized wind shear/gust state with 
respect to the given design wind speed. Therefore, in concept, the synthetic wind profile should produce a vehicle 
design which has a launch delay risk not greater than a specified design synthetic wind profile value, which is gen-
erally the value associated with the design wind speed. This statement, although generally correct, depends on the 
control system response characteristics, the vehicle structural integrity, etc. A joint condition of wind shear, gust, 
and speeds is given in selection of detailed wind profiles for design verification. Therefore, the resulting launch 
delay risk for a given vehicle design is the specified value of risk computed from the vehicle responses associ-
ated with the various profiles. For the synthetic profile, a vehicle in-flight wind speed capability and maximum 
launch delay risk may be stated which is conditional upon the wind/gust design values. However, for the selection 
of detailed wind profiles, only a vehicle launch risk value may be given since the wind characteristics are treated 
as a joint event. These two differences in philosophy should be understood to avoid misinterpretation of vehicle 
response calculation comparisons. In both cases, allowance for dispersions in vehicle characteristics should  
be made prior to flight simulation through the wind profiles and establishment of vehicle design response or 
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operational launch delay risk values. The objective is to ensure that an aerospace vehicle will accommodate the 
desired percentage of wind profiles or conditions in its nonnominal flight mode; i.e., engine-out, etc.
2.3.2  Wind Aloft Climatology
 Considerable data summaries (monthly and seasonal) exist on wind aloft statistics for the world. How-
ever, it is necessary to interpret these data in terms of the desired vehicle operational capabiltiy engineering design 
problem and design philosophy. For example, wind requirements for performance calculations relative to aircraft 
fuel consumption requirements must be derived for the specific routes and design reference period. Such data are 
available on request. Characteristics of winds aloft are provided in the following sections for the general informa-
tion of the reader. The Cape Canaveral sea/land breeze conditions encompass both the ground and inflight wind 
regions below ≈3,000 ft. The characteristics of these winds and associated meteorological characteristics are 
described in section 2.5, Cape Canaveral (KSC) Sea/Land Breeze Winds.
2.3.3  Wind Component Statistics
 Wind component statistics are used in mission planning to provide information on the probability  
of exceeding a given wind speed in the pitch or yaw planes and to bias the tilt program at a selected launch time. 
The improved vector wind profile model discussed in section 2.3.10 is directly applicable to the description of 
these input data. Using this model, the wind component statistics can be computed for various flight azimuths for 
each month for the pitch plane (range) and yaw plane (cross range) at KSC and VAFB. References 2-25 through 
2-27 contain some general background information on the statistical distributions of wind speeds and vector wind 
components. 
 2.3.3.1  Upper Wind Correlations.  Coefficients of correlations of wind components between altitude 
levels with means and standard deviations at altitude levels may be used in a statistical model to derive represen-
tative wind profiles. A method of preparing synthetic wind profiles by use of correlation coefficients between wind 
components is described in reference 2-28. In addition, these correlation data are applicable to certain statistical 
studies of vehicle responses (ref. 2-29).
 Data on correlations of wind between altitude levels for various geographical locations are presented  
in references 2-30 through 2-32. The reports give values of the interlevel and intralevel coefficients of linear  
correlations between wind components. The linear correlation coefficients between altitudes within the 10- to  
15-km altitude region are very high, but decrease with greater altitude separation.
 For correlations between wind components, the reader is referred to the work of Buell (refs. 2-33  
and 2-34) for a detailed discussion of the subject.
 2.3.3.2  Thickness of Strong Wind Layers.  Wind speeds in the midlatitudes generally increase with alti-
tude to a maximum of between 8 and 14 km. Above 14 km, the wind speeds decrease with altitude, then increase 
at higher altitude, depending upon season and location. Frequently, these winds exceed 50 m/s in the jet stream, a 
core of maximum winds over the midlatitudes in the 8- to 14-km altitudes. The vertical extent of the core of maxi-
mum winds, or the sharpness of the extent of peak winds on the wind profile, is important in some vehicle studies. 
For information concerning the thickness of strong wind layers, the reader is referred to reference 2-35.
 Table 2-47 shows values of vertical thickness (based on maximum thickness) of the wind layers for  
wind speeds for KSC. Similar data for VAFB are given in table 2-48. At both ranges, the thickness of the layer
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Table 2-47.  Thickness for strong wind layers at KSC.
Quasi-Steady-State 
Wind Speed Maximum Thickness Altitude Range
















Table 2-48.  Thickness for strong wind layers at VAFB.
Quasi-Steady-State 
Wind Speed Maximum Thickness Altitude Range











decreases with the increase of wind speed; i.e., the sharpness of the wind profile in the vicinity of the jet core 
becomes more pronounced as wind speed increases.
 2.3.3.3  Scalar Wind Speeds (10- to 15-km Altitude Layer).  The distributions of scalar wind speed  
in the 10- to 15-km altitude layer over the United States are shown in figure 2-10 for the 95-percentile values  
and figure 2-11 for the 99-percentile values. The location of local maximum in the isopleths (maximum wind 
speeds) is shown by heavy lines with arrows. These winds occur at approximately the level of maximum dynamic 
pressure for most aerospace vehicles.
 2.3.3.4  Temporal Wind Changes.  Atmospheric wind fields change with time. Significant wind direction 





















Figure 2-10.  Scalar wind speeds (m/s) 95-percentile envelope analysis prepared from windiest 























Figure 2-11.  Scalar wind speeds (m/s) 99-percentile envelope analysis prepared from windiest 
 month and maximum winds in the 10- to 15-km layer (NASA/NCDC).
the time scale over which the wind field can change. To develop real-time wind biasing programs for aerospace 
vehicle control and structural load minimization purposes, which involve the use of wind profiles observed a num-
ber of hours prior to launch, it is necessary that consideration be given to the changes in wind speed and direction 
that can occur during the time elapsed from entering the biasing profile into the vehicle control system logic to the 
time of launch. If the observed wind profile 8 hr prior to launch is to be used as a wind biasing profile, then con-
sideration should be given to the dispersions in wind direction and speed that could occur over this period of time. 
Wind speed and direction change data are also useful for mission operation purposes. Results of studies conducted 
to define these dispersions in a statistical context are presented herein. Specialized databases containing pairs of 
FPS-16 Jimsphere-measured detail wind profiles over time periods of 2 to 12 hr are available upon request to the  
Natural Environments Branch, Marshall Space Flight Center, AL 35812. 
 Temporal vector wind change at KSC and VAFB has been studied by Adelfang (refs. 2-36 and 2-37). The 
joint distribution of the four variables represented by the U and V components of the wind vector at an initial time 
and after a specified elapsed time is hypothesized to be quadravariate normal. The 14 statistics of this distribution 
are presented according to the monthly reference period for altitudes from zero to 27 km. These statistics are used 
to calculate percentiles of the theoretical distribution of wind component change with respect to time (univariate 
normal distribution), the joint distribution of wind component change (bivariate normal), the modulus of vector 
wind change (Rayleigh), and the vector wind at a future time given the vector wind at an initial time (conditional 
bivariate normal); the large body of statistics contained in these references are not repeated herein. For the pur-
pose of illustrating the application of these statistics, the 95-percentile vector wind change ellipses for time inter-
vals of 12, 24, 36, 48, 60, and 72 hr at 6, 12, and 18 km during April at KSC and during January at VAFB have 
been calculated. KSC, April and VAFB, January were two of the months representing extreme wind change. Each 
ellipse illustrated in figure 2-12 was calculated from the bivariate normal statistics of vector wind change given 
in the referenced reports; each ellipse encompasses 95 percent of the wind change expected for the indicated 
time interval. The methodology for calculation of wind or wind change ellipses for any percentile is described by 
Smith (ref. 2-38). The wind change ellipses illustrated in figure 2-12 clearly indicate the strong variation of wind 
change for time intervals <48 hr, and the relatively large wind change for VAFB.
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Figure 2-12.  KSC, April and VAFB, January 95-percentile vector wind change 
 (∆U and ∆V) ellipses at 6-, 12-, and 18-km altitude for time intervals 
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 The information presented in this section is intended to provide the reader with a general overview on 
changes that may occur in winds aloft as a function of time for KSC. This information is not intended for use in 
day-of-launch (DOL) wind biasing. Wind is a vector quantity and a better method to DOL analyses is to use time-
conditional wind vector probability ellipses (ref. 2-1). The concepts and statistical methodology applicable for 
launch systems that use a trajectory and loads assessment based on a DOL wind profile for commit to launch deci-
sion are presented in references 2-1, 2-36, and 2-39. They should be consulted for information on this process.
 Figure 2-13 (ref. 2-39) is a 12- and 24-hr time-conditional, 50-percent probability ellipses whereby  
the given wind vectors are four wind vectors that yield the largest relative head-tail and crosswind components. 
The 85-percent wind probability reference ellipse was selected with respect to a 90º flight azimuth.
Figure 2-13.  Example for 50-percent time-conditional wind probability ellipses 
 for 12 and 24 hr for given vectors (ref. 2-39).
2-45
 Additional related analyses on temporal wind changes that may provide further insight into this subject 
have been accomplished at KSC:
 (1)  A study by Merceret (ref. 2-40) using KSC’s 50-MHz Doppler radar wind profiler (DRWP) analyzed 
the temporal vector wind change over periods ranging from 0.25 to 4 hr. The study was conducted taking advan-
tage of the higher temporal sampling rate of the DRWP compared to the Jimsphere-measured winds used in refer-
ences 2-36 and 2-37. Six months of winter season (October 1995–March 1996) winds over KSC resulting in over 
25,000 profiles comprised the data set for analysis. Extensive quality control was applied to the data as described 
in reference 2-40. Since climatologically winds aloft during winter are stronger and more variable over KSC, the 
study provides a worst-case analysis in terms of risk to the launch vehicle.
 The study demonstrated that the magnitude of the vector wind changes over a 0.25- to 4-hr period at  
altitudes between 6 and 17 km (20 to 56 kft) is lognormally distributed, not Gaussian. This was true both for the 
wind changes at any single level and for the maximum wind change in the entire 6- to 17-km region. The location 
and shape parameters for the lognormal distributions depended on whether the single level or maximum within 
the region was selected, and on the time interval. Lognormal distributions produce extreme values more fre-
quently than Gaussian distributions having the same mean and standard deviation. For the observed wind change 
distributions, the 3σ event is an order of magnitude more likely and the 5σ event is three orders of magnitude 
more likely than with a Gaussian distribution (ref. 2-41). Therefore, use of Gaussian probabilities for estimating 
the risk of unacceptable wind changes for launch vehicles may result in a serious and nonconservative error.
 (2)  The coherence time of wind features is a function of the vertical scales of motion determining  
the features (refs. 2-42 and 2-43). This has significant implications for the efficient design of wind loads analyses  
and methodologies (ref. 2-44). Despite major differences in approach, the studies of Merceret (ref. 2-42)  
and Spiekerman, Sako, and Kabe (ref. 2-43) both obtained relations close to the form 
  (λ) = 460*SQRT (t)  , (2.26)
where (λ) is the vertical scale of motion (ft) below which motion is not coherent beyond a time interval, t (min). 
Merceret used 6 mo of wintertime 50-MHz wind profiler data from KSC with temporal averaging to derive the 
coherence. Spiekerman, Sako, and Kabe used Jimsphere data from all months of the year at both the Eastern 
Range (KSC) and the Western Range (VAFB) with overlapping vertical averages to derive the coherence.
2.3.4  Vehicle Ascent Wind Load Alleviation Techniques
In attempting to maintain a desired flight path for an aerospace vehicle through a strong wind region, the 
vehicle control system could introduce excessive bending moments and orbit anomalies. To reduce this problem, 
it is sometimes desirable to wind bias the pitch program; i.e., to tilt the vehicle sufficiently to produce the desired 
flight path and minimize dynamic pressure-level loads with the expected wind profile. Since most in-flight strong 
winds over KSC are winter westerlies, it is sometimes expedient to use the monthly or seasonal pitch plane 
median wind speed profile for bias analyses.
 Head and tail wind components and right and left crosswind components from altitudes of zero to 70 km 
can be computed for any flight azimuth used at KSC or VAFB. For applications where both pitch and yaw biasing 
are used, monthly vector mean winds may be more efficient for wind biasing. Such statistics can be made avail-
able upon request, or see section 2.3.9 and reference 2-39 for a new wind biasing technique.
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2.3.5  Vector Wind Models
Wind is a vector quantity having a magnitude and direction. A coordinate system and a statistical model 
are required. The bivariate normal probability distribution is used to model the wind at discrete altitudes. Wind 
measurements are recorded in terms of wind direction and magnitude. The wind direction is measured in degrees 
clockwise from true north and is the direction from which the wind is blowing. The wind magnitude (the modulus 
of the vector) is the scalar quantity and is referred to as wind speed or scalar wind. The standard meteorological 
coordinate system (fig. 2-14) has been chosen for the wind statistics and tables of statistical parameters.
North
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 U = zonal wind component, positive west to east in units, m/s (U = –W cos   ).
 V = meridional wind component, positive south to north in units, m/s (V = –W sin   ).
 W = wind speed in units, m/s.
  = wind direction measured in degrees clockwise from true north
   and is the direction from which the wind is blowing,
 





Figure 2-14.  Meteorological coordinate system.
 The bivariate normal probability density function (BNpdf) can be expressed in Cartesian and polar coor-
dinates. Using population notations for the required five statistical parameters, the BNpdf in the usual mathemati-
cal Cartesian coordinates is
 f x y X X X X Y Y Y Y
x y x x y y
( , ) exp ,=
− −( )





























where –∞ ≤ X ≤ ∞ and  –∞ ≤ Y ≤ ∞. This function is completely described by the five parameters: the means  
X and Y, the standard deviations σx and σy, and the linear correlation coefficient, ρ, between the variables x and y. 
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 The contours of equal probability density form a family of concentric ellipses with respect to the centroid 
located at the point { , }x y . The probability contained within a contour of equal probability density is obtained  
by integrating the probability density function over the region defined by the contour. This integration is obtained 
in closed form; the result is called a probability ellipse for the assigned probability area.
 Using the properties of the bivariate normal probability distribution to model the wind as a vector quantity 
at discrete altitudes, many other probability functions can be derived. All that is required are the five bivariate nor-
mal statistical parameters with respect to an orthogonal coordinate system. The practical system of equations are 
given by Smith (ref. 2-38) and repeated in the Range Reference Atmosphere publications (ref. 2-25) with illustra-
tions. In terms of wind statistics, some of these properties are as follows:
 (1)  The five statistical parameters that have been computed with respect to a meteorological zonal  
and meridional coordinate system can be rotated to any other orthogonal coordinate system and the properties  
of the bivariate normal distribution still holds.
 (2)  The wind components are univariate normally distributed. Percentile values and interpercentile values 
can be computed.
 (3)  The conditional distribution of one wind component given the other is univariate normally  
distributed.
 (4)  The sum and difference of bivariate normally distributed variates are univariate normally distributed.
 (5)  The probability ellipse that contains p-percent of the wind vectors can be computed.
 (6)  The probability density function for wind direction can be derived, and, by numerical integration,  
the probability for wind direction within any assigned limits can be computed.
 (7)  The conditional probability density function for wind speed given a wind direction can be obtained.
 (8)  The conditional probability distribution function for wind speed given a wind direction  
can be obtained.
 (9)  The probability density function for wind speed can be derived as a generalized Rayleigh distribution 
(ref. 2-38). It is expressed as a series of the sum of products of the modified Bessel function.
 The equations for the above functions are given in the most general form for all five statistical parameters 
for the bivariate normal distribution. For assumptions such as independent variates, zero means and equal vari-
ances are treated as special cases. With the advent of modern computers, these functions can be readily evaluated 
and graphic illustrations made. Some of these probability functions are presented in this subsection because  
of their important role in wind vector modeling.
 2.3.5.1  Bivariate Normal Wind Parameters.  This section presents a discussion on the properties  
of the bivariate normal probability distribution as related to modeling wind vectors at discrete altitudes. From  
the five bivariate normal statistical parameters (i.e., component means of U and V, and standard deviations of SU 
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and SV and the correlation coefficient between U and V) can be used to derive several other statistics using the 
equation as presented in reference 2-25. Graphical illustrations for these probability functions are also presented 
in reference 2-25, the range reference atmospheres (RRAs). The value to the engineer for these statistics is for 
background on winds aloft climatology at specific sites. There are several publications (refs. 2-25 through 2-27, 
2-45) that contain the bivariate normal wind statistical parameters versus altitude. All of these reports give tabula-
tions for the five bivariate normal parameters with respect to the meteorological coordinate system.
 The five statistical parameters are:
U  = monthly mean zonal wind component (m/s)
V  = monthly mean meridional wind component (m/s)
SU = standard deviation with respect to the monthly mean for the zonal wind component (m/s)
SV = standard deviation with respect to the monthly mean for the meridional wind component (m/s)
R(U,V) = correlation coefficient between the two components.
 Tables 2-49 through 2-54 are taken from the RRA reference. These statistical parameters are for KSC, 
February and July; VAFB, December and July; and EAFB, February and July. For the altitude region zero  
to 27 km, these parameters are from twice daily, serially complete rawinsonde wind measurements. The altitudes 
from 28 to 86 km are from rocketsonde wind measurements. The period of record is 19 yr for KSC, 10 yr for 
VAFB, and 12 yr for EAFB. These months for the respective sites are chosen for illustration because they repre-
sent winter and summer conditions and reasonably envelop the winds for both sites for all months.
 For aerospace vehicle applications, it is often desired to express the wind statistics with respect  
to the vehicle flight azimuth.
 By using coordinate rotation equations, these five statistical parameters can be calculated with respect  
to any orthogonal coordinates. Let the vehicle flight azimuth, α, be measured in degrees clockwise from true 
north; the five statistical parameters with respect to the flight axes are then given by the following equations:
 (a) The means
  X U Va = +sin cosα α  (2.28) 
and
  Y V Ua = −sin cos .α α  (2.29) 
 (b) The variances
  S S S R U V S Sx U V U Vα α α α α2 2 2 2 2 2= + +sin cos ( , ) sin cos  (2.30) 
and
  S S S R U V S Sy V U U Vα α α α α2 2 2 2 2 2= + −sin cos ( , ) sin cos .  (2.31) 
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Table 2-49.  Bivariate normal wind statistics—zonal and meridional, KSC, February.
 z    
  (km)     
MEAN U   
(m/s)     
SD  U 
(m/s)             R (U,V )
MEAN V
(m/s)     














































































































































































































































































































































































































































Table 2-50.  Bivariate normal wind statistics—zonal and meridional, KSC, July.
 z    
  (km)     
MEAN U   
(m/s)     
SD U 
(m/s)             R (U,V )
MEAN V















































































































































































































































































































































































































































Table 2-51.  Bivariate normal wind statistics—zonal and meridional, VAFB, December.
 z    
  (km)     
MEAN U   
(m/s)     
SD U 
(m/s)             R (U,V )
MEAN V















































































































































































































































































































































































































































Table 2-52.  Bivariate normal wind statistics—zonal and meridional, VAFB, July.
 z   
  (km)     
MEAN U   
(m/s)     
SD U 
(m/s)             R (U,V )
MEAN V















































































































































































































































































































































































































































Table 2-53.  Bivariate normal wind statistics—zonal and meridional, EAFB, February.
 z    
  (km)     
MEAN U   
(m/s)     
SD U 
(m/s)             R (U,V )
MEAN V















































































































































































































































































































































































































































Table 2-54.  Bivariate normal wind statistics—zonal and meridional, EAFB, July.
 z    
  (km)     
MEAN U   
(m/s)     
SD U 
(m/s)             R (U,V )
MEAN V
















































































































































































































































































































































































































































  R x y x yS Sx y
( , ) cov( , ) ,α α
α α
=  (2.32) 
where cov(x,y)α is the rotated covariance
  cov( , ) ( , ) sin cos sin cos .x y R U V S S S SU V V Uα α α α α= −( ) + −( )2 2 2 2  (2.33) 
 2.3.5.2  Wind Vector Probability Ellipse.  Using the meteorological Cartesian notation, the probability 
ellipse that contains p-percent of the wind vectors is expressed in the most general form by the conic equation 
defined	by
  AX BXY CY DX EY F2 2 0+ + + + + = , (2.34) 
where
 A = S V
2
 B = –2R(U,V) SUSV
	 C = SU
2
 D = – (B	V  + 2 A	U )
 E = – (B	U 	+ 2 C	V )
 F = A	(U ) 2 + C	(V ) 2 + BU V  – AC	{1–[R(U,V)] 2} λe2
and
 λe P= − −2 1ln( ) ,
where P is probability.
 For convenient usage, values for the λ parameter to the bivariate normal probability ellipse, λe, and for 
the bivariate circular normal distribution for selected probabilities are given in table 2-55. Circular distributions 
arise when the component standard	deviations	are	equal	and	the	correlation	coefficient	is	zero.
 Equation (2.34) is used to derive other functional relationships that describe the properties of the bivariate 
normal probability ellipse and for graphical displays. The largest and smallest values for x and y of a given prob-
ability ellipse are given by:
  X U Sw s U e( , ) ,= ± λ  (2.35) 
  Y V Sw s V e( , ) .= ± λ  (2.36) 
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 Using the quadratic equation, solutions for Y in equation (2.34) are made by incrementing X from XS		
to XL and plotting on a scale that has the same range for X and Y,	as	shown	in	figure	2-15.	Such	illustrations	 
are helpful in comparing the wind statistics from month to month and between sites. For example, assume that 
a vehicle trajectory has been wind biased to the monthly mean wind	and	the	flight	azimuth	is	180º	(south)	for	
VAFB, then at 12-km altitude, the head and tail quartering wind relative to the monthly mean to the 99-percent 
probability	ellipse	would	be	larger	than	that	for	an	east	launch	from	KSC,	wind biased to the monthly mean.
 2.3.5.3  Bivariate Normal Distribution in Polar Coordinates.  The bivariate normal probability den- 
sity function expressed in polar coordinates is used to derive the probability distribution for wind speed given  
the wind direction, and to express the special relationship for wind vectors relative to the monthly mean wind  
to an assigned probability ellipse. These relationships are used in the selection of wind vectors to the probability 
ellipse in section 2.3.9 for the synthetic vector wind profile	model.
 The bivariate normal probability density function in the meteorological polar coordinate system is




Figure 2-15.  Comparison of wind vector probability	ellipses	(a)	KSC,	February	and	(b)	VAFB,	December.
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(Equation (2.37) (ref. 2-38) is given with respect to the mathematical convention for a vector direction,  
not the meteorological convention.)
 r x y= +
2 2 is the modulus of the vector or speed, and θ is the direction of the vector. After integrating 
g(r,θ) over r = 0 to ∞, the probability density function of θ is
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2
1 2 Φ  (2.38) 
where a2, b, c2, and d1	are	as	previously	defined	in	equation	(2.37)	and	Φ Φb a x e dttx/ ( ) / /( ) = = ∫ −−∞1 2 1 2
2
π   
is taken from tables of normal distributions or made available through computer subroutines.
 If desired, equation (2.38) can be integrated numerically over a chosen range of θ to obtain the probability 
that the vector direction will lie within the chosen range; i.e.,
  F g d( ) ( ) .θ θ θθθ= ∫ 2
1  (2.39) 
One application may be to obtain the probability that the wind	flow	will	be	from	a	given	quadrant	or	sector	as,	 
for example, onshore.
 2.3.5.4  The Derived Conditional Distribution of Wind Speed Given the Wind Direction  
(Wind Rose).  The conditional probability density function for wind speed, r,	given	a	specified	value	for	the	wind 
direction, θ, can be expressed as

































where	the	coefficients,	a and b and the function Φ (b/a)	are	as	previously	defined	in	equations	(2.34)	and	(2.38).
 From equation (2.40), the mode (most frequent value) of the conditional wind	speed	given	a	specified	
value of the wind direction is the positive solution of the quadratic equation,
  a b br2 2 1 0− − = ,  (2.41) 
which is

























 The locus of the conditional modal values of wind speed when plotted in polar coordinates versus  
the given wind directions forms an ellipse.
 The noncentral moment for equation (2.40) is expressed as
  µ θ/ ( | ) .n r f r drn= ∫∞0  (2.43) 
	 Now	the	first	noncentral	moment	is	identical	to	the	first	central	moment	or	the	expected	value,	E(r |θ).  
The	integration	of	equation	(2.43)	for	the	first	moment	is	sufficiently	simple	to	yield	practical	computations	 
and can be expressed as










































































Hence, equation (2.44) gives the conditional mean value of the wind	speed	given	a	specified	value	for	the	wind 
direction.
 The integration of equation (2.40) for the limits r = 0 to r = r* gives the probability that the conditional 
wind speed is ≤r* given a value for the wind direction, θ. This conditional probability distribution function  
can be written as
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	 By	definition,	equation	(2.45)	is	an	expression	for	a	“wind rose.” Empirical wind rose statistics are often 
tabulated or graphically illustrated, thus giving the frequency that the wind speed is not exceeded for the wind 
speed values that lie within assigned class intervals of the wind direction. After evaluation of equation (2.42)  
for various values of wind speed, r*, and the given wind directions, θ, interpolations can be performed to obtain 
various percentile values of the conditional wind speed.
 For the special case when b in equation (2.37) equals zero; i.e., for x y= = 0,  the conditional modal val-
ues of wind speeds (eq. (2.42)), the conditional mean values of wind	speeds	(eq.	(2.44)),	and	the	fixed	conditional	
percentile values of wind speeds (interpolated from evaluations of eq. (2.45)), when plotted in polar form versus 
the given wind directions, produce a family of ellipses.
 For the special case when x y= = 0,  equation (2.40) reduces to the following simple case:









	 There	is	a	special	significance	of	equation	(2.46)	when	related	to	the	bivariate normal probability  
distribution. If r* and θ are measured from the centroid of the probability ellipse, then the probability that r	≤ r*  
is the same as the given probability ellipse. Further, solving equation (2.46) for r* gives
  r a P* ln( ) .= − −
1 2 1   (2.47) 
 If a probability ellipse, P, is chosen, equation (2.46) gives the distance of r along any θ from the centroid 
of the ellipse to the intercept of the probability ellipse. When computing the wind speed probability for a given  
θ relative to the monthly means, equation (2.47) is applicable.
 2.3.5.5  Wind Component Statistics.  The univariate normal (Gaussian) probability distribution function 
is used to obtain wind component statistics. In generalized notations, this probability density function is














where t = (X–ξ)/σx	is the standard variate, with ξ defining	the	mean and σx	the standard deviation.  
The cumulative probability distribution function is
  F X f t dtX( ) ( ) .= ∫−∞  (2.49) 
Because this integral cannot be obtained in closed form, it is widely tabulated for zero mean and unit standard 
deviation. For a convenient reference, selected values of F(X) are given in table 2-56. To emphasize the connota-
tion of probability, F(X) is shown in table 2-56 as P{X}.
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 The t values in table 2-56 are used as multiplier factors to the standard deviation to express the probability 
that a normally distributed variable, X, is less than or equal to a given value as
	 	 P{X ≤ mean + tσx} = probability, P .  (2.50) 
Table 2-56.  Values of t for standardized normal (univariate) distribution for percentiles 
 and interpercentile ranges.












































































where X1 = ξ–tσ  and X2 = ξ+tσ
For example, when t = 1.6449, the probability that X is less than or equal to the mean plus 1.6449 standard  
deviations is called the 95th percentile value of X. Also given in table 2-56 are the numerical values to express  
the probability that X falls in the interval X1 to X2; i.e.,
  P X X X1 2≤ ≤{ } = interpercentile range , (2.51) 
where
 X X t x1 = − σ
and





80 90 95 95
.45 97
.5 98 99 99
.73
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For t = 1.9602, the probability that X lies in the interval X1 to X2 is 0.95. The values of X1 and X2 in this example 
comprise the 95th interpercentile range.
 For a normally distributed variable, the mode (most frequent value) and the median (50th percentile)  
are the same as the mean value. The means and standard deviations of wind components are used in equa- 
tions (2.50) and (2.51) to compute the percentile values and interpercentile ranges of the U and V wind compo-
nents. Equation (2.50) is a straight line on a normal probability graph.
 To obtain the wind component statistics with respect to orthogonal coordinate axes other than zonal  
and meridional, one should use the coordinate rotation equations (2.28) through (2.33).
 2.3.5.6  Envelope of Wind Profiles Versus an Envelope of Percentiles.  It is a usual practice to plot  
the points versus altitude for the interpercentile range for wind components; e.g., U	± tSU, at discrete altitudes  
and	to	connect	these	points.	This	convenient	display	can	be	misinterpreted.	Since	the	winds are not perfectly  
correlated between all altitude levels, then for the envelope of percentile values; e.g., the 95th interpercentile 
range (U	± 1.96 SU), the percentage of wind profiles	would	lie	on	the	interpercentile	bounds	over	all	altitudes. 
 The interlevel wind correlations decrease as the altitude	interval	increases.	Suppose	that	there	are	five	
independent wind altitude levels between zero and 12-km altitude; then, the percentage of wind profiles	that	lie	
within the bounds of the 95-interpercentile range is only 77.4 percent. This is obtained by (0.95)5 = 0.7737. For 
five	independent	wind levels, the required interpercentile range taken at discrete altitudes to envelop 95 percent  
of the wind profiles	is	in	the	98.98th	interpercentile	range, (0.95)1/5 = 0.9898. The percentage of wind profiles	 
that lie within the 95-percent probability ellipses at 1-km intervals from 3- to 16-km altitude based on a 12-yr 
period of wind records	for	KSC,	approximates	this	example.	The	percentage	of	wind profiles	for	KSC,	April,	 
that lie within the 95-percent wind ellipses taken at 1-km intervals versus altitude	is	illustrated	in	figure	2-16.	 
An	aerospace	vehicle	should	be	designed	such	that	it	can	fly	through	a	certain	percent	of	the	detail	wind profiles	
for the worst monthly reference period, not just an assigned percent of the wind vectors at discrete altitudes. This 
raises the issue: What size should the wind vector probability ellipses at discrete altitudes be for aerospace vehicle 
design? This analysis suggests that the monthly 99-percent probability ellipses at discrete altitudes should be used 
to envelop 95 percent of the wind profiles	over	the	altitudes of primary interest. This subject is further addressed 
in section 2.3.9 for synthetic vector wind profile	models.
 2.3.5.7  Extreme Value Wind Shear Model.  The wind shear model in this section has several advan-
tages over the classical empirical wind shear model (see sec. 2.4.3). The technique used to derive this new wind 
shear	model	is	based	on	an	analytically	defined	probability function: the procedure is objective. The analytical 
equations permit generalizations to give consistent comparative results. This new model permits computations for 
any conditional percentile for wind speed shear given any wind speed.
 The extreme, largest wind speed shears for various altitude shear intervals that occurred in the 3- to  
16-km altitude layer for each of 150 per month Jimsphere wind profiles,	described	in	section	2.3.11.1,	were	com-
puted. The associated wind speeds for the extreme wind	shears	were	obtained.	These	data	samples	were	fit	by	the	
univariate Gumbel (ref. 2-3) extreme value probability distribution function. A bivariate extreme value distribu-
tion function was used to model the extreme value conditional distribution for wind shear given the wind speed. 
This wind shear model is used to establish a synthetic wind profile	model	in	section	2.3.9.	The	bivariate	extreme 
value probability distribution has proven to be a powerful modeling tool for wind shear and for aerospace vehicle 
ascent structural loads (ref. 2-46).
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Figure 2-16.  Percentage of wind profiles	(wind vectors at 1-km intervals) that are within 
 the 95-percent ellipses versus altitude,	KSC,	April.
 There are two forms for the bivariate extreme value probability distribution (ref. 2-47): the a-case  
and the m-case.	Since	the	m-case is more general than the a-case, it is used to model the relationship between  
the extreme largest wind shear and the wind speed. The probability distribution function for the m-case is












−∞ ≤ ≤ ∞X












Ho = 16 km











is a measure of association (correlation) between the two variables.
 X and Y	are	called	the	reduced	variates,	which	are	defined	by




,  (2.53) 







,  (2.54) 
where µx,µy is the location parameter or modal value and αx,αy is the shape parameter. They are estimated  







s x y= = −and   , (2.55)
where σn and yn  are the population parameters. They are a function of sample size, n. For n = 150, σn = 1.22534, 
and yn  = 0.56461. For large n ≥ ∞, σn = π / 6  and yn  is Euler’s constant, 0.57722:






where for the condition that m = 1, equation (2.52) becomes the product of two independent extreme value distri-
butions which are univariate extreme value probability distribution functions.	Some	further	notations	are	useful	
(refs. 2-47 and 2-48):
  Φ X Y m P X X Y Y m X Y m dX dYX, ; , ; ( , ; ) ,( ) = = ≤{ } =
−∞−∞ ∫1 2 ϕ
Y
∫  (2.57) 
where ϕ(X,Y;m) is the probability density function	defined	by
  ϕ ( , ; ) ( , ; )*x Y m X Y m e e e emX mY m mX mY= +( )− − − − −( )Φ
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It is important to note that





 These functions are used in deriving the conditional probability distribution function. The interest  
is to present tables for the conditional percentile values for wind speed shear given class intervals for wind speed. 
Let X stand for the reduced variate for wind shear and Y stand for the reduced variate for wind speed. The condi-
tional probability distribution function for assigned values for X for given class intervals for Y is
  Pr * | , ; *, ; ,X X Y Y Y X Y m X Y mY Y≤ ≤ ≤{ } =
( ) − ( )




Φ Φ  (2.60) 
where the denominator, the univariate extreme value probability distribution function for wind speed,
  Φ ( ) exp ,Y e Y= −( )−   (2.61) 
is evaluated for assigned values for Y1 and Y2. The conditional probability distribution function in terms of the 
reduced variates is then interpolated for assigned conditional percentile values and then converted into the original 
extreme value variables using equations (2.53) and (2.54). This is the general method used to establish the condi-
tional percentile shears (table 2-57) for the assigned class intervals for wind speed. An alternate conditional  
probability distribution function is
  Pr * | ,
( )
X X Y Y Z em
Z m Y em Y




















 Z e emX mY= +( )− * .
This conditional probability distribution function is for the given value for Y to exactly equal the assigned 
value for Y1 instead of an assigned class interval as presented in equation (2.60). An explicit inverse solution 
cannot	be	obtained	to	find	the	conditional	percentile	values	for	X* as a function of probability, P. If interactive 
techniques are used to do this, such as Newton’s method, care must be taken for the computational precision for 
small values of Y1. The usual practical range for the reduced variates is from –3.5 to 5. The extreme wind speed 
shear and associated wind	speed	data	computed	from	the	150	per	month	Jimsphere	samples	for	KSC	revealed	that	
the data for February would encompass the other months. Hence, February is used to typify these wind shear sta-
tistics.	For	computational	conveniences,	the	five	required	parameters for the bivariate extreme value distribution 
were	fit	by	empirical	equations	as	a	function of altitude shear interval, h, valid for 100 ≤ h ≤ 10,000 m. For the 
extreme largest wind speed shear parameters,
  µs h h h( ) . , ( ,.= ≤ ≤0 4747 100 10 0000 47 m)  (2.63) 
and
  a h h h hs ( ) , , ( , ) .= + ≤ ≤
10
1 300 100 10 000 m  (2.64) 
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Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	February.
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 3.83 3.91 3.99 4.07 4.16 4.26 4.36 4.47 4.58 4.71 4.84 4.99 5.16 5.35
0.50 4.04 4.12 4.21 4.30 4.41 4.52 4.63 4.77 4.91 5.07 5.24 5.44 5.65 5.88
0.60 4.22 4.30 4.39 4.49 4.60 4.72 4.86 5.00 5.17 5.35 5.56 5.78 6.02 6.27
0.70 4.42 4.51 4.60 4.71 4.82 4.96 5.10 5.27 5.46 5.66 5.89 6.13 6.39 6.67
0.80 4.68 4.77 4.87 4.98 5.11 5.25 5.41 5.60 5.80 6.03 6.27 6.53 6.81 7.09
0.85 4.86 4.95 5.05 5.16 5.29 5.44 5.61 5.80 6.02 6.25 6.51 6.77 7.05 7.34
0.90 5.10 5.19 5.29 5.41 5.54 5.70 5.87 6.07 6.30 6.54 6.80 7.08 7.36 7.65
0.95 5.50 5.59 5.69 5.81 5.95 6.11 6.29 6.50 6.73 6.98 7.25 7.53 7.82 8.11
0.98 6.01 6.11 6.21 6.33 6.47 6.63 6.82 7.03 7.27 7.53 7.80 8.08 8.37 8.66
0.99 6.40 6.49 6.60 6.72 6.86 7.02 7.21 7.43 7.66 7.92 8.19 8.47 8.77 9.06
0.995 6.78 6.87 6.98 7.10 7.24 7.41 7.60 7.81 8.05 8.31 8.58 8.86 9.15 9.45
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 5.11 5.26 5.42 5.59 5.77 5.95 6.15 6.37 6.60 6.85 7.13 7.43 7.76 8.13
0.50 5.50 5.66 5.83 6.01 6.21 6.43 6.66 6.92 7.20 7.52 7.86 8.24 8.66 9.11
0.60 5.81 5.98 6.16 6.35 6.57 6.81 7.07 7.36 7.68 8.04 8.43 8.86 9.32 9.81
0.70 6.18 6.35 6.54 6.75 6.98 7.23 7.52 7.85 8.20 8.60 9.03 9.50 9.99 10.51
0.80 6.67 6.84 7.03 7.25 7.49 7.77 8.08 8.44 8.83 9.26 9.73 10.22 10.74 11.28
0.85 6.99 7.17 7.36 7.58 7.83 8.12 8.45 8.82 9.22 9.67 10.15 10.66 11.18 11.72
0.90 7.43 7.61 7.81 8.03 8.29 8.59 8.93 9.31 9.73 10.19 10.68 11.20 11.73 12.28
0.95 8.16 8.34 8.54 8.77 9.04 9.34 9.70 10.09 10.53 11.00 11.50 12.03 12.57 13.12
0.98 9.10 9.28 9.49 9.72 9.99 10.30 10.66 11.06 11.51 11.99 12.50 13.03 13.57 14.12
0.99 9.81 9.99 10.19 10.43 10.70 11.01 11.37 11.78 12.23 12.71 13.22 13.75 14.29 14.85
0.995 10.51 10.69 10.89 11.13 11.40 11.72 12.08 12.49 12.93 13.42 13.93 14.46 15.00 15.56
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 5.98 6.21 6.45 6.69 6.96 7.24 7.53 7.85 8.20 8.57 8.99 9.44 9.94 10.49
0.50 6.52 6.75 7.01 7.28 7.57 7.89 8.24 8.62 9.04 9.50 10.01 10.56 11.17 11.82
0.60 6.96 7.20 7.46 7.75 8.07 8.41 8.80 9.22 9.69 10.21 10.78 11.40 12.07 12.77
0.70 7.47 7.72 7.99 8.29 8.63 9.00 9.42 9.89 10.41 10.98 11.60 12.27 12.98 13.71
0.80 8.13 8.39 8.67 8.99 9.34 9.74 10.20 10.71 11.27 11.89 12.55 13.25 13.99 14.74
0.85 8.58 8.84 9.12 9.45 9.81 10.23 10.70 11.22 11.81 12.44 13.13 13.84 14.59 15.35
0.90 9.19 9.45 9.74 10.07 10.44 10.87 11.36 11.90 12.51 13.16 13.86 14.59 15.34 16.11
0.95 10.19 10.46 10.75 11.09 11.47 11.91 12.41 12.98 13.60 14.27 14.98 15.72 16.48 17.26
0.98 11.49 11.76 12.05 12.39 12.78 13.23 13.74 14.32 14.95 15.63 16.35 17.09 17.86 18.64
0.99 12.46 12.73 13.03 13.37 13.76 14.21 14.73 15.30 15.94 16.62 17.34 18.09 18.86 19.64
0.995 13.43 13.70 14.00 14.34 14.73 15.18 15.70 16.28 16.91 17.60 18.32 19.07 19.84 20.62
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 6.65 6.94 7.25 7.58 7.93 8.30 8.69 9.11 9.57 10.06 10.61 11.21 11.87 12.59
0.50 7.30 7.61 7.95 8.30 8.68 9.10 9.56 10.05 10.60 11.21 11.87 12.59 13.37 14.21
0.60 7.84 8.16 8.51 8.88 9.29 9.75 10.24 10.80 11.41 12.08 12.81 13.61 14.46 15.35
0.70 8.48 8.80 9.16 9.55 9.99 10.47 11.01 11.62 12.29 13.02 13.81 14.66 15.56 16.48
0.80 9.29 9.63 9.99 10.40 10.86 11.38 11.96 12.62 13.33 14.12 14.96 15.85 16.78 17.73
0.85 9.84 10.18 10.55 10.97 11.44 11.97 12.58 13.25 14.00 14.80 15.66 16.57 17.51 18.47
0.90 10.59 10.93 11.31 11.73 12.22 12.77 13.39 14.08 14.85 15.68 16.56 17.48 18.43 19.40
0.95 11.83 12.17 12.56 12.99 13.48 14.05 14.69 15.40 16.19 17.04 17.93 18.87 19.82 20.80
0.98 13.43 13.77 14.16 14.60 15.10 15.67 16.32 17.05 17.85 18.71 19.61 20.55 21.51 22.49
0.99 14.62 14.97 15.36 15.80 16.30 16.88 17.53 18.26 19.07 19.93 20.83 21.77 22.74 23.72
0.995 15.82 16.16 16.55 16.99 17.49 18.07 18.73 19.46 20.27 21.13 22.04 22.98 23.95 24.93
h = 100 m Wind Speed Range (W1 to W2 m/s)
h = 200 m (W1 to W2 m/s)
h = 300 m (W1 to W2 m/s)
h = 400 m
*h = height interval (m)
(W1 to W2 m/s)
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Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	
 February (Continued).
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 7.18 7.54 7.92 8.33 8.75 9.20 9.69 10.21 10.77 11.39 12.07 12.81 13.62 14.50
0.50 7.94 8.32 8.72 9.16 9.63 10.14 10.70 11.30 11.97 12.71 13.51 14.39 15.34 16.34
0.60 8.56 8.95 9.37 9.83 10.33 10.88 11.49 12.16 12.90 13.72 14.60 15.56 16.58 17.64
0.70 9.29 9.69 10.13 10.61 11.14 11.72 12.38 13.11 13.92 14.80 15.75 16.76 17.82 18.93
0.80 10.24 10.65 11.10 11.59 12.15 12.78 13.48 14.26 15.12 16.06 17.06 18.12 19.22 20.35
0.85 10.88 11.29 11.74 12.25 12.82 13.46 14.19 14.99 15.88 16.84 17.87 18.94 20.06 21.20
0.90 11.74 12.16 12.62 13.13 13.72 14.38 15.12 15.96 16.87 17.85 18.90 19.99 21.11 22.26
0.95 13.18 13.60 14.06 14.59 15.18 15.86 16.63 17.48 18.42 19.42 20.49 21.59 22.72 23.88
0.98 15.03 15.45 15.92 16.45 17.05 17.74 18.52 19.39 20.34 21.35 22.43 23.54 24.67 25.83
0.99 16.42 16.84 17.31 17.84 18.45 19.14 19.92 20.79 21.75 22.77 23.84 24.95 26.09 27.25
0.995 17.80 18.22 18.69 19.22 19.83 20.52 21.31 22.18 23.14 24.16 25.24 26.35 27.49 28.65
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 7.60 8.03 8.49 8.96 9.47 10.00 10.57 11.19 11.86 12.59 13.39 14.26 15.22 16.25
0.50 8.45 8.90 9.38 9.89 10.44 11.04 11.70 12.41 13.20 14.06 15.00 16.02 17.12 18.28
0.60 9.15 9.61 10.11 10.64 11.23 11.87 12.58 13.37 14.23 15.17 16.20 17.30 18.47 19.69
0.70 9.97 10.44 10.95 11.51 12.13 12.81 13.57 14.42 15.35 16.37 17.46 18.62 19.84 21.10
0.80 11.02 11.50 12.03 12.61 13.26 13.98 14.79 15.70 16.69 17.77 18.91 20.12 21.38 22.66
0.85 11.73 12.22 12.75 13.34 14.00 14.75 15.58 16.51 17.53 18.63 19.81 21.03 22.30 23.60
0.90 12.70 13.19 13.73 14.33 15.00 15.77 16.63 17.58 18.63 19.76 20.95 22.19 23.47 24.78
0.95 14.30 14.80 15.34 15.95 16.64 17.42 18.30 19.28 20.35 21.50 22.71 23.97 25.26 26.57
0.98 16.37 16.87 17.41 18.03 18.73 19.52 20.41 21.41 22.49 23.65 24.87 26.14 27.43 28.75
0.99 17.92 18.41 18.96 19.58 20.28 21.08 21.98 22.97 24.06 25.23 26.45 27.72 29.02 30.33
0.995 19.46 19.96 20.51 21.12 21.83 22.62 23.52 24.52 25.62 26.78 28.01 29.28 30.57 31.89
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 7.92 8.41 8.93 9.47 10.04 10.66 11.31 12.01 12.77 13.60 14.52 15.51 16.60 17.76
0.50 8.84 9.35 9.90 10.48 11.11 11.79 12.52 13.33 14.22 15.19 16.25 17.39 18.62 19.92
0.60 9.60 10.12 10.69 11.29 11.96 12.68 13.48 14.36 15.33 16.39 17.53 18.77 20.07 21.43
0.70 10.49 11.02 11.60 12.23 12.93 13.70 14.55 15.49 16.54 17.67 18.89 20.18 21.54 22.94
0.80 11.64 12.18 12.77 13.43 14.15 14.96 15.87 16.87 17.98 19.17 20.45 21.79 23.18 24.61
0.85 12.41 12.96 13.56 14.22 14.96 15.79 16.72 17.75 18.89 20.11 21.41 22.77 24.18 25.62
0.90 13.46 14.02 14.62 15.29 16.05 16.90 17.85 18.91 20.08 21.32 22.64 24.02 25.44 26.89
0.95 15.21 15.76 16.38 17.06 17.83 18.70 19.67 20.76 21.94 23.22 24.56 25.95 27.38 28.83
0.98 17.46 18.02 18.63 19.32 20.10 20.98 21.97 23.07 24.27 25.55 26.90 28.30 29.74 31.20
0.99 19.14 19.70 20.32 21.01 21.79 22.67 23.67 24.77 25.98 27.27 28.62 30.02 31.46 32.92
0.995 20.82 21.38 22.00 22.69 23.47 24.36 25.35 26.46 27.67 28.96 30.31 31.72 33.16 34.62
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 8.27 8.83 9.41 10.02 10.67 11.37 12.10 12.90 13.77 14.71 15.74 16.86 18.08 19.40
0.50 9.26 9.84 10.45 11.11 11.82 12.58 13.41 14.32 15.32 16.41 17.60 18.88 20.24 21.68
0.60 10.07 10.66 11.30 11.98 12.73 13.54 14.44 15.43 16.51 17.70 18.97 20.33 21.77 23.27
0.70 11.02 11.63 12.28 12.99 13.77 14.63 15.59 16.64 17.81 19.06 20.41 21.84 23.33 24.86
0.80 12.25 12.87 13.53 14.27 15.08 15.99 17.00 18.12 19.35 20.67 22.07 23.54 25.07 26.63
0.85 13.08 13.70 14.37 15.12 15.95 16.88 17.92 19.06 20.32 21.67 23.10 24.59 26.13 27.70
0.90 14.21 14.83 15.51 16.27 17.11 18.06 19.13 20.30 21.59 22.96 24.41 25.92 27.47 29.05
0.95 16.07 16.70 17.39 18.15 19.02 19.99 21.07 22.28 23.58 24.98 26.45 27.97 29.53 31.12
0.98 18.48 19.11 19.80 20.57 21.44 22.43 23.53 24.75 26.07 27.48 28.96 30.49 32.06 33.65
0.99 20.28 20.91 21.60 22.38 23.25 24.24 25.35 26.57 27.90 29.31 30.79 32.33 33.90 35.49
0.995 22.07 22.70 23.40 24.18 25.05 26.04 27.15 28.37 29.70 31.12 32.60 34.14 35.71 37.30
h = 500 m (W1 to W2 m/s)
h = 600 m (W1 to W2 m/s)
h = 700 m (W1 to W2 m/s)
h = 800 m
*h = height interval (m)
(W1 to W2 m/s)
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Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	
 February (Continued).
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 8.59 9.21 9.85 10.54 11.26 12.03 12.85 13.74 14.71 15.76 16.90 18.16 19.50 20.95
0.50 9.63 10.27 10.96 11.69 12.47 13.32 14.25 15.25 16.36 17.56 18.87 20.27 21.76 23.33
0.60 10.49 11.15 11.85 12.61 13.44 14.34 15.33 16.43 17.62 18.92 20.31 21.80 23.36 24.98
0.70 11.50 12.16 12.89 13.67 14.54 15.49 16.55 17.71 18.98 20.36 21.82 23.37 24.98 26.64
0.80 12.80 13.48 14.21 15.03 15.93 16.93 18.04 19.27 20.61 22.05 23.57 25.16 26.81 28.49
0.85 13.67 14.35 15.10 15.93 16.84 17.87 19.01 20.26 21.63 23.10 24.65 26.26 27.92 29.62
0.90 14.86 15.55 16.30 17.14 18.08 19.12 20.29 21.57 22.97 24.46 26.03 27.66 29.33 31.03
0.95 16.83 17.52 18.28 19.13 20.08 21.15 22.34 23.65 25.07 26.59 28.18 29.82 31.50 33.21
0.98 19.37 20.06 20.83 21.69 22.65 23.73 24.93 26.26 27.70 29.22 30.82 32.47 34.16 35.87
0.99 21.27 21.97 22.74 23.59 24.56 25.64 26.85 28.18 29.62 31.15 32.76 34.41 36.10 37.81
0.995 23.16 23.86 24.63 25.49 26.45 27.54 28.75 30.08 31.53 33.06 34.67 36.32 38.01 39.72
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 8.88 9.55 10.27 11.02 11.81 12.65 13.56 14.54 15.60 16.75 18.01 19.38 20.86 22.42
0.50 9.97 10.67 11.42 12.22 13.08 14.01 15.02 16.13 17.34 18.65 20.07 21.59 23.20 24.88
0.60 10.87 11.59 12.36 13.19 14.10 15.08 16.17 17.36 18.65 20.07 21.57 23.17 24.85 26.58
0.70 11.92 12.65 13.44 14.30 15.25 16.29 17.44 18.70 20.08 21.56 23.14 24.80 26.53 28.30
0.80 13.28 14.02 14.83 15.72 16.70 17.79 19.00 20.33 21.78 23.32 24.96 26.66 28.42 30.22
0.85 14.19 14.94 15.76 16.66 17.66 18.77 20.01 21.37 22.84 24.42 26.08 27.80 29.58 31.38
0.90 15.43 16.19 17.02 17.93 18.95 20.08 21.35 22.73 24.24 25.84 27.52 29.25 31.04 32.85
0.95 17.49 18.25 19.09 20.01 21.05 22.20 23.49 24.91 26.44 28.06 29.76 31.51 33.30 35.12
0.98 20.14 20.91 21.75 22.68 23.73 24.90 26.20 27.63 29.17 30.81 32.52 34.28 36.07 37.90
0.99 22.13 22.89 23.74 24.67 25.72 26.90 28.20 29.64 31.19 32.83 34.54 36.30 38.10 39.92
0.995 24.11 24.87 25.72 26.65 27.70 28.88 30.19 31.63 33.18 34.82 36.53 38.30 40.10 41.92
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 10.03 10.98 11.98 13.04 14.16 15.35 16.64 18.02 19.51 21.14 22.88 24.74 26.72 28.79
0.50 11.29 12.27 13.32 14.44 15.64 16.94 18.34 19.87 21.52 23.30 25.19 27.19 29.28 31.43
0.60 12.31 13.32 14.40 15.55 16.81 18.17 19.66 21.28 23.02 24.88 26.86 28.93 31.07 33.26
0.70 13.51 14.54 15.64 16.83 18.13 19.56 21.12 22.80 24.63 26.57 28.61 30.73 32.90 35.12
0.80 15.06 16.10 17.22 18.45 19.80 21.28 22.90 24.65 26.55 28.54 30.62 32.78 34.98 37.22
0.85 16.10 17.14 18.28 19.52 20.89 22.40 24.04 25.83 27.75 29.77 31.88 34.05 36.26 38.50
0.90 17.51 18.57 19.71 20.97 22.36 23.89 25.57 27.38 29.32 31.36 33.49 35.67 37.89 40.14
0.95 19.85 20.91 22.07 23.34 24.75 26.30 28.00 29.85 31.81 33.87 36.01 38.21 40.44 42.69
0.98 22.86 23.93 25.09 26.37 27.79 29.36 31.08 32.94 34.91 36.99 39.13 41.33 43.57 45.83
0.99 25.12 26.19 27.35 28.63 30.06 31.63 33.35 35.22 37.20 39.28 41.43 43.63 45.86 48.13
0.995 27.37 28.43 29.60 30.88 32.31 33.88 35.61 37.47 39.46 41.54 43.69 45.89 48.13 50.39
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 10.91 12.10 13.35 14.67 16.07 17.56 19.16 20.88 22.73 24.72 26.84 29.09 31.44 33.86
0.50 12.24 13.47 14.77 16.16 17.64 19.25 20.98 22.85 24.84 26.98 29.23 31.58 34.01 36.49
0.60 13.32 14.58 15.91 17.34 18.89 20.57 22.37 24.33 26.42 28.63 30.94 33.35 35.81 38.33
0.70 14.59 15.86 17.22 18.69 20.29 22.03 23.91 25.93 28.09 30.37 32.74 35.18 37.68 40.21
0.80 16.21 17.50 18.89 20.40 22.05 23.84 25.78 27.87 30.09 32.41 34.82 37.29 39.81 42.36
0.85 17.30 18.60 20.01 21.53 23.20 25.02 26.99 29.10 31.35 33.69 36.12 38.60 41.13 43.68
0.90 18.79 20.10 21.51 23.05 24.74 26.59 28.58 30.72 32.99 35.35 37.79 40.29 42.82 45.38
0.95 21.24 22.56 23.98 25.54 27.25 29.12 31.14 33.30 35.59 37.97 40.43 42.93 45.47 48.04
0.98 24.41 25.73 27.16 28.73 30.45 32.33 34.36 36.54 38.84 41.23 43.70 46.21 48.75 51.32
0.99 26.77 28.10 29.53 31.10 32.82 34.71 36.75 38.94 41.24 43.63 46.10 48.61 51.15 53.72
0.995 29.13 30.45 31.89 33.46 35.19 37.07 39.12 41.30 43.61 46.01 48.47 50.98 53.53 56.10
h = 900 m (W1 to W2 m/s)
h = 1,000 m (W1 to W2 m/s)
h = 1,500 m (W1 to W2 m/s)
h = 2,000 m
*h = height interval (m)
(W1 to W2 m/s)
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Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	
 February (Continued).
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 11.64 13.04 14.51 16.06 17.69 19.43 21.31 23.30 25.45 27.73 30.14 32.66 35.27 37.95
0.50 13.00 14.43 15.96 17.58 19.30 21.17 23.16 25.31 27.58 29.98 32.50 35.11 37.79 40.52
0.60 14.10 15.56 17.12 18.79 20.58 22.51 24.58 26.80 29.16 31.64 34.21 36.87 39.58 42.34
0.70 15.38 16.87 18.45 20.16 22.00 24.00 26.13 28.42 30.84 33.38 36.00 38.68 41.41 44.18
0.80 17.04 18.54 20.16 21.90 23.79 25.83 28.04 30.38 32.85 35.42 38.07 40.78 43.54 46.32
0.85 18.14 19.66 21.28 23.05 24.96 27.03 29.26 31.62 34.12 36.71 39.37 42.09 44.85 47.64
0.90 19.65 21.17 22.81 24.59 26.52 28.62 30.87 33.26 35.78 38.38 41.06 43.79 46.56 49.34
0.95 22.13 23.66 25.32 27.11 29.06 31.18 33.46 35.87 38.40 41.03 43.72 46.45 49.22 52.02
0.98 25.34 26.87 28.53 30.34 32.30 34.43 36.72 39.15 41.69 44.32 47.02 49.76 52.53 55.33
0.99 27.73 29.27 30.93 32.74 34.71 36.84 39.14 41.57 44.11 46.75 49.45 52.19 54.96 57.76
0.995 30.12 31.66 33.32 35.13 37.10 39.24 41.53 43.96 46.51 49.15 51.85 54.59 57.37 60.16
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 12.29 13.86 15.51 17.25 19.10 21.05 23.16 25.38 27.76 30.28 32.93 35.67 38.49 41.37
0.50 13.64 15.26 16.96 18.78 20.72 22.79 25.01 27.38 29.87 32.50 35.23 38.04 40.91 43.83
0.60 14.75 16.39 18.13 20.00 22.00 24.13 26.42 28.87 31.44 34.12 36.90 39.75 42.65 45.58
0.70 16.02 17.69 19.46 21.37 23.42 25.62 27.97 30.47 33.10 35.83 38.65 41.52 44.43 47.38
0.80 17.67 19.35 21.16 23.11 25.20 27.45 29.86 32.40 35.07 37.84 40.68 43.58 46.51 49.47
0.85 18.77 20.47 22.28 24.25 26.36 28.64 31.07 33.64 36.33 39.11 41.97 44.87 47.81 50.77
0.90 20.26 21.97 23.80 25.78 27.92 30.22 32.67 35.26 37.97 40.77 43.63 46.54 49.49 52.45
0.95 22.73 24.45 26.29 28.29 30.44 32.77 35.24 37.86 40.58 43.39 46.26 49.18 52.13 55.10
0.98 25.91 27.64 29.49 31.49 33.66 35.99 38.48 41.11 43.84 46.66 49.54 52.46 55.41 58.38
0.99 28.29 30.02 31.87 33.88 36.05 38.39 40.88 43.51 46.25 49.07 51.95 54.87 57.82 60.79
0.995 30.66 32.39 34.24 36.25 38.43 40.77 43.26 45.89 48.63 51.45 54.33 57.26 60.21 63.18
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 12.87 14.61 16.41 18.32 20.35 22.49 24.78 27.19 29.76 32.47 35.30 38.21 41.19 44.22
0.50 14.21 15.98 17.85 19.84 21.96 24.20 26.61 29.16 31.83 34.63 37.53 40.50 43.53 46.60
0.60 15.30 17.10 19.01 21.04 23.21 25.53 28.00 30.62 33.36 36.21 39.15 42.15 45.20 48.28
0.70 16.56 18.38 20.32 22.40 24.62 26.99 29.52 32.20 34.99 37.88 40.85 43.87 46.93 50.02
0.80 18.18 20.02 22.00 24.10 26.38 28.80 31.37 34.09 36.92 39.85 42.84 45.87 48.95 52.05
0.85 19.26 21.12 23.10 25.23 27.52 29.96 32.57 35.31 38.16 41.09 44.09 47.14 50.22 53.32
0.90 20.73 22.60 24.60 26.74 29.05 31.52 34.14 36.90 39.76 42.71 45.72 48.77 51.86 54.96
0.95 23.16 25.04 27.05 29.21 31.53 34.03 36.67 39.44 42.32 45.29 48.30 51.36 54.45 57.56
0.98 26.29 28.17 30.19 32.36 34.70 37.20 39.85 42.64 45.53 48.49 51.52 54.58 57.67 60.78
0.99 28.63 30.51 32.53 34.71 37.05 39.55 42.21 45.00 47.89 50.86 53.89 56.95 60.04 63.15
0.995 30.96 32.84 34.86 37.04 39.38 41.89 44.55 47.34 50.23 53.20 56.23 59.29 62.38 65.49
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 13.41 15.27 17.23 19.29 21.46 23.76 26.21 28.79 31.52 34.38 37.35 40.40 43.51 46.66
0.50 14.72 16.63 18.65 20.78 23.04 25.45 28.01 30.71 33.53 36.47 39.50 42.61 45.76 48.95
0.60 15.79 17.73 19.78 21.96 24.28 26.75 29.38 32.13 35.01 38.00 41.06 44.19 47.36 50.57
0.70 17.03 18.99 21.07 23.29 25.66 28.18 30.86 33.67 36.60 39.62 42.71 45.86 49.05 52.24
0.80 18.61 20.60 22.71 24.97 27.37 29.95 32.67 35.53 38.49 41.54 44.65 47.81 50.99 54.20
0.85 19.67 21.67 23.79 26.06 28.50 31.09 33.83 36.70 39.68 42.74 45.87 49.04 52.23 55.44
0.90 21.11 23.12 25.25 27.54 29.99 32.61 35.37 38.26 41.25 44.33 47.46 50.63 53.83 57.04
0.95 23.48 25.50 27.65 29.95 32.43 35.06 37.84 40.74 43.75 46.83 49.97 53.15 56.35 59.57
0.98 26.54 28.56 30.72 33.03 35.51 38.16 40.95 43.86 46.08 49.97 53.11 56.29 59.49 62.71
0.99 28.82 30.85 33.01 35.33 37.81 40.46 43.25 46.17 49.19 52.28 55.42 58.60 61.81 65.03
0.995 31.10 33.12 35.28 37.60 40.09 42.74 45.53 48.45 51.47 54.57 57.71 60.89 64.09 67.32
h = 2,500 m (W1 to W2 m/s)
h = 3,000 m (W1 to W2 m/s)
h = 3,500 m (W1 to W2 m/s)
h = 4,000 m
*h = height interval (m)
(W1 to W2 m/s)
2-70
Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	
 February (Continued).
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 14.39 16.49 18.66 20.97 23.38 25.96 28.65 31.49 34.46 37.56 40.74 43.99 47.30 50.65
0.50 15.64 17.78 20.02 22.39 24.90 27.57 30.35 33.28 36.34 39.50 42.73 46.03 49.37 52.74
0.60 16.66 18.82 21.11 23.52 26.09 28.79 31.64 34.62 37.73 40.92 44.18 47.49 50.85 54.22
0.70 17.83 20.02 22.33 24.79 27.40 30.15 33.05 36.08 39.21 42.43 45.72 49.04 52.40 55.79
0.80 19.33 21.55 23.89 26.38 29.02 31.82 34.76 37.82 40.99 44.23 47.53 50.87 54.24 57.64
0.85 20.34 22.56 24.91 27.42 30.08 32.90 35.86 38.95 42.12 45.38 48.68 52.02 55.39 58.78
0.90 21.70 23.93 26.30 28.82 31.50 34.34 37.32 40.41 43.61 46.87 50.18 53.53 56.90 60.29
0.95 23.94 26.19 28.57 31.10 33.80 36.65 39.65 42.76 45.96 49.23 52.55 55.91 59.28 62.67
0.98 26.83 29.08 31.47 34.02 36.72 39.59 42.59 45.71 48.92 52.19 55.51 58.87 62.25 65.64
0.99 28.99 31.25 33.64 36.18 38.89 41.76 44.77 47.89 51.10 54.38 57.70 61.06 64.43 67.83
0.995 31.15 33.40 35.79 38.34 41.05 43.92 46.93 50.05 53.26 56.54 59.86 63.22 66.60 69.99
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 15.27 17.53 19.91 22.38 25.02 27.75 30.64 33.68 36.84 40.10 43.44 46.84 50.28 53.76
0.50 16.45 18.77 21.19 23.75 26.45 29.27 32.25 35.36 38.59 41.90 45.28 48.71 52.18 55.68
0.60 17.41 19.76 22.22 24.82 27.55 30.44 33.47 36.63 39.89 43.23 46.63 50.08 53.55 57.05
0.70 18.52 20.89 23.39 26.01 28.79 31.73 34.81 37.99 41.28 44.65 48.07 51.53 55.01 58.51
0.80 19.94 22.33 24.85 27.51 30.33 33.31 36.41 39.63 42.95 46.33 49.77 53.23 56.72 60.23
0.85 20.88 23.29 25.82 28.50 31.34 34.32 37.44 40.67 44.00 47.39 50.83 54.31 57.81 61.32
0.90 22.16 24.58 27.12 29.82 32.67 35.67 38.81 42.06 45.39 48.79 52.23 55.71 59.22 62.74
0.95 24.28 26.70 29.26 31.97 34.84 37.85 41.00 44.26 47.61 51.02 54.47 57.95 61.45 64.97
0.98 27.00 29.43 31.99 34.71 37.58 40.61 43.77 47.04 50.39 53.80 57.25 60.74 64.24 67.76
0.99 29.03 31.46 34.03 36.75 39.63 42.66 45.82 49.09 52.44 55.85 59.31 62.79 66.30 69.81
0.995 31.05 33.48 36.05 38.77 41.65 44.69 47.85 51.12 54.47 57.89 61.34 64.83 68.33 71.85
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 16.06 18.48 20.98 23.63 26.38 29.28 32.34 35.52 38.81 42.20 45.65 49.16 52.70 56.27
0.50 17.18 19.64 22.21 24.90 27.74 30.73 33.85 37.10 40.44 43.87 47.36 50.89 54.45 58.04
0.60 18.08 20.58 23.18 25.91 28.81 31.82 34.98 38.26 41.63 45.09 48.60 52.16 55.75 59.34
0.70 19.13 21.65 24.27 27.06 29.97 33.03 36.22 39.53 42.94 46.41 49.93 53.50 57.09 60.70
0.80 20.47 23.00 25.66 28.46 31.41 34.51 37.74 41.08 44.50 47.99 51.53 55.10 58.69 62.31
0.85 21.35 23.90 26.57 29.39 32.36 35.48 38.72 42.07 45.51 49.01 52.54 56.11 59.70 63.31
0.90 22.56 25.12 27.80 30.64 33.62 36.75 40.00 43.36 46.81 50.31 53.86 57.44 61.03 64.64
0.95 24.55 27.12 29.81 32.66 35.66 38.80 42.07 45.44 48.90 52.41 55.96 59.53 63.13 66.74
0.98 27.10 29.68 32.38 35.23 38.24 41.39 44.67 48.05 51.50 55.02 58.57 62.15 65.75 69.37
0.99 29.01 31.59 34.29 37.15 40.16 43.31 46.59 49.98 53.43 56.95 60.50 64.08 67.68 71.30
0.995 30.91 33.49 36.20 39.05 42.07 45.22 48.50 51.88 55.34 58.86 62.41 66.00 69.60 73.21
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 16.79 19.31 21.96 24.69 27.58 30.62 33.76 37.04 40.42 43.91 47.46 51.07 54.72 58.36
0.50 17.84 20.43 23.10 25.92 28.88 31.96 35.17 38.51 41.95 45.47 49.05 52.68 56.34 60.01
0.60 18.70 21.30 24.03 26.87 29.86 32.99 36.25 39.63 43.10 46.64 50.23 53.86 57.51 61.19
0.70 19.68 22.32 25.06 27.94 30.97 34.15 37.44 40.84 44.34 47.90 51.50 55.13 58.79 62.46
0.80 20.94 23.60 26.36 29.28 32.34 35.54 38.86 42.29 45.80 49.38 53.00 56.64 60.30 63.90
0.85 21.75 24.44 27.23 30.15 33.22 36.44 39.78 43.22 46.73 50.31 53.93 57.58 61.25 64.94
0.90 22.91 25.59 28.38 31.32 34.41 37.64 41.00 44.45 47.97 51.55 55.18 58.83 62.50 66.18
0.95 24.78 27.47 30.28 33.23 36.33 39.57 42.93 46.39 49.93 53.52 57.15 60.80 64.47 68.16
0.98 27.19 29.88 32.69 35.65 38.76 42.01 45.38 46.85 52.39 55.98 59.61 63.27 66.94 70.63
0.99 28.98 31.68 34.50 37.46 40.57 43.82 47.19 50.66 54.20 57.80 61.43 65.09 68.76 72.45
0.995 30.77 33.47 36.29 39.25 42.36 45.61 48.99 52.46 56.00 59.59 63.23 66.88 70.56 74.24
h = 5,000 m (W1 to W2 m/s)
h = 6,000 m (W1 to W2 m/s)
h = 7,000 m (W1 to W2 m/s)
h = 8,000 m
*h = height interval (m)
(W1 to W2 m/s)
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Table 2-57.  Conditional percentiles of wind speed shear (m/s) given shear height interval (m)
 and wind speed (m/s) applicable over the 3- to 16-km altitude range,	KSC,	
 February (Continued).
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 17.54 20.17 22.86 25.69 28.64 31.72 34.95 38.30 41.76 45.31 48.92 52.58 56.27 60.00
0.50 18.57 21.22 23.98 26.86 29.87 33.03 36.33 39.74 43.24 46.82 50.46 54.13 57.84 61.57
0.60 19.38 22.08 24.86 27.78 30.85 34.04 37.36 40.80 44.33 47.94 51.61 55.30 59.00 62.72
0.70 20.34 23.05 25.86 28.82 31.90 35.13 38.49 41.95 45.51 49.12 52.79 56.49 60.22 63.97
0.80 21.54 24.28 27.13 30.10 33.22 36.48 39.87 43.36 46.93 50.56 54.23 57.94 61.67 65.41
0.85 22.35 25.10 27.95 30.95 34.08 37.36 40.75 44.25 47.83 51.48 55.16 58.87 62.59 66.33
0.90 23.45 26.20 29.07 32.07 35.22 38.51 41.92 45.43 49.02 52.66 56.35 60.06 63.79 67.54
0.95 25.25 28.01 30.89 33.91 37.07 40.37 43.79 47.31 50.91 54.56 58.25 61.96 65.70 69.44
0.98 27.56 30.34 33.22 36.24 39.41 42.72 46.15 49.68 53.28 56.93 60.62 64.34 68.07 71.81
0.99 29.29 32.07 34.95 37.98 41.15 44.47 47.90 51.43 55.03 58.68 62.37 66.09 69.82 73.56
0.995 31.02 33.79 36.68 39.70 42.88 46.19 49.63 53.16 56.76 60.41 64.10 67.82 71.55 75.30
PROB 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
              
0.36788 18.05 20.77 23.59 26.49 29.54 32.74 36.08 39.52 43.06 46.67 50.34 54.05 57.79 61.56
0.50 18.99 21.78 24.62 27.59 30.72 33.96 37.33 40.81 44.39 48.05 51.76 55.50 59.25 63.02
0.60 19.76 22.56 25.45 28.45 31.59 34.88 38.29 41.80 45.40 49.06 52.77 56.52 60.30 64.09
0.70 20.64 23.47 26.37 29.41 32.60 35.92 39.35 42.89 46.52 50.19  53.91 57.65 61.42 65.21
0.80 21.76 24.60 27.55 30.62 33.82 37.16 40.62 44.18 47.81 51.51 55.24 59.01 62.78 66.56
0.85 22.50 25.37 28.31 31.39 34.62 37.97 41.45 45.02 48.66 52.35 56.08 59.84 63.62 67.41
0.90 23.52 26.39 29.35 32.45 35.68 39.04 42.52 46.10 49.75 53.46 57.20 60.96 64.74 68.53
0.95 25.18 28.06 31.04 34.14 37.39 40.77 44.26 47.85 51.50 55.21 58.96 62.72 66.50 70.29
0.98 27.33 30.21 33.19 36.30 39.56 42.94 46.44 50.04 53.70 57.40 61.15 64.91 68.70 72.49
0.99 28.93 31.81 34.79 37.91 41.17 44.55 48.06 51.65 55.31 59.02 62.77 66.53 70.32 74.11
0.995 30.52 33.40 36.39 39.50 42.76 46.15 49.66 53.25 56.91 60.62 64.37 68.14 71.92 75.71
h = 9,000 m (W1 to W2 m/s)
h = 10,000 m (W1 to W2 m/s)
For the associated wind speed with the extreme largest wind speed shear parameters (meters per second),
  µw h h h( ) . . ; ( ) ,= + ≤ ≤34 71 0 0071 100 600 m  (2.65)
  µw h h h( ) . . ; ( , ) ,= + < ≤39 2936 0 001127 600 10 000 m  (2.66)
and
  αw h h( ) . .= ≥11 60 100for all m  (2.67) 
 The empirical equation for the m parameter is
  m h h h( ) . . , ( , ) .= + ≤ ≤1 27 0 00026 100 10 000 m  (2.68) 
 Evaluating this equation for h = 100 m and h = 10,000 m yields the values of 1.296 and 3.870. From 
equation	(2.56),	this	gives	the	correlation	coefficients	between	the	extreme	largest	shear	and	associated	wind 
speed for h = 100 m as 0.4046 and for h = 10,000 m as 0.9332. Hence, as the altitude shear interval increases,  
this	correlation	coefficient	between	the	wind shear and wind speed increases. 
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	 The	above	empirical	equations	for	the	five	bivariate	extreme value distribution functions were used in 
equation (2.60) to establish the conditional percentile values for wind speed shear for the given wind speed class 
intervals shown in table 2-57. The 99th conditional extreme value wind shear at various shear intervals, h, gives 
the associated wind speed. As shown, for the given wind speed, the conditional wind shear over large shear inter-
vals exceeds the given wind speed. This indicates that this wind shear model is invalid in this domain.
 2.3.5.8  Percentile Values for Extreme Largest Wind Speed Shear. The univariate extreme value  
distribution for wind speed shear can be computed using the µs(h) and αs(h) parameters from equations (2.63)  
and (2.64) in the univariate extreme value probability distribution function. The percentile values for wind speed 
shear versus shear intervals, S(h;P) (table 2-58) are computed from
  S(h;P) = µs(h) + αs (h) Y , (2.69) 
where
Y =  –ln(–ln P)
P = probability.
Table 2-58.  Percentile values (m/s) versus shear intervals for extreme largest 
 shear (3- to 16-km altitude),	KSC,	February.
   Shear
  Interval
 (m)   36.79 50.00 60.00 70.00 80.00 85.00 90.00 95.00 98.00 99.00 99.50
      100 4.13 4.40 4.61 4.87 5.21 5.43 5.74 6.26 6.92 7.42 7.92
      200 5.73 6.22 6.62 7.10 7.73 8.15 8.73 9.69 10.93 11.86 12.79
      300 6.93 7.62 8.19 8.86 9.74 10.34 11.15 12.50 14.25 15.55 16.86
      400 7.93 8.79 9.51 10.36 11.46 12.21 13.23 14.92 17.11 18.76 20.39
      500 8.81 9.83 10.68 11.67 12.98 13.86 15.06 17.06 19.65 21.59 23.52
      600 9.60 10.75 11.72 12.85 14.33 15.34 16.70 18.98 21.92 24.12 26.32
      700 10.32 11.60 12.67 13.93 15.57 16.68 18.19 20.71 23.98 26.42 28.85
      800 10.99 12.38 13.55 14.91 16.70 17.91 19.56 22.30 25.85 28.51 31.16
      900 11.61 13.11 14.36 15.83 17.75 19.05 20.82 23.76 27.57 30.43 33.28
   1,000 12.20 13.80 15.12 16.68 18.72 20.10 21.99 25.12 29.17 32.20 35.23
   1,500 14.76 16.73 18.36 20.29 22.80 24.50 26.82 30.68 35.67 39.41 43.13
   2,000 16.90 19.12 20.97 23.15 25.99 27.91 30.54 34.90 40.55 44.78 49.00
   2,500 18.77 21.18 23.19 25.55 28.64 30.72 33.57 38.31 44.44 49.03 53.61
   3,000 20.45 23.01 25.14 27.64 30.91 33.13 36.15 41.17 47.67 52.54 57.40
   3,500 21.99 24.66 26.88 29.50 32.92 35.23 38.39 43.64 50.44 55.53 60.60
   4,000 23.41 26.18 28.48 31.19 34.73 37.12 40.39 45.83 52.86 58.13 63.38
   5,000 26.00 28.91 31.33 34.18 37.90 40.42 43.86 49.57 56.97 62.51 68.03
   6,000 28.32 31.34 33.84 36.80 40.65 43.26 46.82 52.74 60.39 66.13 71.85
   7,000 30.45 33.54 36.12 39.15 43.10 45.78 49.43 55.50 63.36 69.25 75.12
   8,000 32.42 35.58 38.20 41.29 45.33 48.05 51.78 57.97 65.99 72.00 77.98
   9,000 34.27 37.47 40.14 43.28 47.38 50.15 53.93 60.22 68.36 74.47 80.54




 Using the same procedure, the empirical equations for µs(h) and αs(h) for the extreme largest wind speed 
shear in the 3- to 16-km altitude	for	KSC,	July,	are
  µs	(h) = 0.5822 h0.36 (2.70) 
and
  αs h h( ) . ..= 0 0507 0 57  (2.71) 
	 The	KSC,	February	and	July,	percentile	values	for	the	extreme	largest	wind speed shear are given  
in tables 2-58 and 2-59, respectively. Comparing the wind shears (tables 2-58 and 2-59), it is seen that the wind 
shears are greater during February than July for shear intervals, h, >100 m. This is because the extreme larg-
est wind profile	shears	are	correlated	with	the	wind speed, and as the shear interval increases, the correlation 
increases.
Table 2-59.  Percentile values (m/s) versus shear intervals for extreme largest shear 
 (3- to 16-km altitude),	KSC,	July.
   Shear
     Interval
 (m) 36.79 50.00 60.00 70.00 80.00 85.00 90.00 95.00 98.00 99.00 99.50
      100 3.06 3.31 3.53 3.78 4.11 4.33 4.63 5.13 5.79 6.27 6.76
      200 3.92 4.30 4.62 4.99 5.48 5.81 6.26 7.01 7.98 8.70 9.42
      300 4.54 5.02 5.42 5.89 6.50 6.92 7.48 8.43 9.65 10.56 11.47
      400 5.03 5.60 6.07 6.62 7.35 7.84 8.50 9.61 11.05 12.13 13.20
      500 5.45 6.10 6.63 7.26 8.08 8.64 9.40 10.66 12.29 13.51 14.73
      600 5.82 6.54 7.13 7.83 8.74 9.35 10.20 11.60 13.41 14.76 16.12
      700 6.16 6.93 7.58 8.34 9.34 10.01 10.93 12.46 14.44 15.92 17.39
      800 6.46 7.30 8.00 8.82 9.89 10.62 11.61 13.26 15.39 16.99 18.58
      900 6.74 7.64 8.38 9.26 10.41 11.19 12.25 14.01 16.29 18.00 19.71
   1,000 7.00 7.95 8.75 9.68 10.90 11.72 12.85 14.72 17.15 18.96 20.77
   1,500 8.10 9.30 10.30 11.48 13.01 14.05 15.47 17.83 20.88 23.17 25.45
   2,000 8.98 10.40 11.58 12.96 14.77 16.00 17.67 20.45 24.05 26.74 29.43
   2,500 9.74 11.34 12.68 14.25 16.31 17.70 19.60 22.76 26.84 29.90 32.95
   3,000 10.40 12.18 13.66 15.41 17.69 19.23 21.34 24.84 29.37 32.77 29.37
   3,500 10.99 12.93 14.56 16.46 18.95 20.64 22.94 26.76 31.71 35.42 39.11
   4,000 11.53 13.63 15.38 17.44 20.12 21.94 24.43 28.55 33.89 37.89 41.88
   5,000 12.49 14.88 16.87 19.20 22.26 24.32 27.14 31.82 37.89 42.43 46.96
   6,000 13.34 15.99 18.19 20.79 24.17 26.46 29.59 34.79 41.51 46.56 51.58
   7,000 14.10 16.99 19.40 22.23 25.93 28.43 31.84 37.52 44.86 50.37 55.85
   8,000 14.80 17.92 20.51 23.57 27.56 30.25 33.94 40.06 47.99 53.93 59.85
   9,000 15.44 18.77 21.55 24.82 29.08 31.97 35.91 42.46 50.94 57.29 63.63

















































(a) From table 2-73, empirical monthly envelope for percentile values at 12-km altitude.
(b) Estimated from equation (2.67), February.
(c) The largest zonal wind component to probability ellipses using monthly enveloping bivariate 
 normal parameters at 12-km altitude. From table 3.4 in reference 2-1, 
 uA = 30.34 m/s and sAu = 22.67 m/s,
 uL = uA +sAu    e, where    e =λ λ
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2.3.6  Gusts—Vertically Flying Vehicles
The steady-stat , in-flight wind	speed	envelopes	presented	in	section	2.3.5	do	not	contain	the	gust	(high-
frequency	content)	portion	of	the	wind	profile. The steady-state wind	profile measurements have been defined 	
as	those	obtained	by	the	rawinsonde	system.	These	measurements	as	presented	in	this	analysis	represent	wind	
speeds	averaged	over	≈1,000	m	in	the	vertical	and,	therefore,	eliminate	features	with	smaller	scales.	Smaller	scale	
features	are	contained	in	the	detailed	profiles measured by the FPS-16 radar/Jimsphere system which provides 
wind	measurements	averaged	over	≈30	m.	
	 A	number	of	attempts	have	been	made	to	represent	the	high-frequency	content	of	vertical	profiles of wind	
in	a	suitable	form	for	use	in	vehicle	design	studies.	Most	of	the	attempts	resulted	in	gust	information	that	could		
be used for specific applications, but, to date, no universal gust	representation	has	been	formulated.	Information	
± ±( )21 1n P .
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on discrete and continuous gust representations is given below relative to vertically ascending aerospace vehicles. 
In addition to the extensive work reported herein, other organizations, such as The Aerospace Corporation  
(ref. 2-49), have studied gust-associated loads analysis.
2.3.7  Discrete Gusts  
 Idealized discrete gust models have been developed for vehicle design studies and other engineering 
applications in an attempt to represent, in a physically reasonable manner, characteristics of small-scale wind per-
turbations associated with vertical profiles	of	wind velocity. Assessments of elastic body and buffeting response to 
in-flight	wind perturbations or gusts are important in the establishment of vehicle design structural requirements 
and operational capability. In vehicle response analyses, the discrete gust is applied perpendicular to the launch 
vehicle longitudinal axis, and it is assumed that the vehicle is instantaneously immersed in the time-dependent 
gust profile	(ref.	2-49).	Simulation	of	the	autopilot	response	to	the	gust produces the loads that are responses to 
the gust-induced deviations of the angle of attack and angle of sideslip from the prelaunch-programmed vehicle 
guidance commands. Launch	vehicles	can	have	significant	response	to	gusts with wavelengths below ≈60 m that 
are not observable with the Jimsphere wind profile	measurement	system	used	for	DOL	rigid	body	trajectory	and	
loads	assessments.	Since	it	is	not	practical	to	perform	elastic	body	loads	analyses	on	the	DOL	because	of	time	
constraints and other practical considerations, the commit-to-launch decision is protected for gust uncertainty con-
tributions to elastic body loads uncertainties. This protection is in the form of a load increment (knockdown) that 
is	developed	in	special	engineering	studies	prior	to	the	DOL.	
 Two discrete gust models are recommended for use in conjunction with synthetic vector wind profiles	for	
design studies and establishing trajectory and load increments that account for launch vehicle elastic body and 
buffet	response	uncertainty	on	the	DOL.	The	first	model	is	the	“classical-NASA”	9-m/s	quasi-square	wave gust 
originally	developed	for	Saturn/Apollo	and	certified	for	Shuttle	program	applications	(ref.	2-50)	(see	sec.	2.4.4).	
The original version of the second model (ref. 2-51) was developed for the Shuttle	program	in	1997	to	improve	
representation of gusts with half-widths dm < 100 m that had amplitudes that were overly conservative in the  




tion	in	closed	form	of	the	Dryden	power spectrum density	(PSD)	function, is recommended herein. The classical 
NASA	9-m/s	discrete	gust model is considered to be the most conservative because of its quasi-square wave  
form, which was based on the analysis of high-resolution detail wind	profiles	measured	by	the	FPS-16	radar	Jim-
sphere	system	(see	fig.	2-34	for	example).	In	addition,	there	is	no	provision	in	the	classical	model	for	taking	into	
account the expected variation of gust amplitude on gust half-width and altitude. The 1997 model that includes 
such a variation (refs. 2-51, 2-53, and 2-54), yields smaller gust amplitudes than the classical model for gust  
half-widths <100 m. 
2.3.7.1  Origin of the Classical NASA Discrete (9 m/s) Gust.		The	original	NASA	quasi-square	wave 
“flat-top”	gust, having an amplitude of 9 m/s with a variable gust width from 50 to 300 m, had an absolute gust 
gradient of 0.36 s–1	for	the	first	and	last	25	m	(or	9	m/s	per	25	m),	first	appeared	in	1963	(ref.	2-55)	and	was	
revised	(ref.	2-56)	with	a	cosine	leading	and	trailing	edge	of	a	30-m	interval	(fig.	2-17).	The	gust amplitude was 
reduced to 7.65 m/s (0.85 of its value) for the Shuttle	ascent	design when this discrete gust model was used in 
conjunction with synthetic wind and wind shear models (see sec. 2.4.4). 
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Figure 2-17.  Relationship between discrete gust and/or embedded jet characteristics 
 (quasi-square wave shape) and the design wind speed profile	envelope.
Early discrete wind gust models for missile design (refs. 2-56 and 2-57) are based on accelerometer mea-
surements of turbulence	by	aircraft	in	horizontal	flight	(refs.	2-58	and	2-59).	Common	early	sources for aircraft 
accelerometer measurement data in or near thunderstorms are the measurement series during 1941–1942 in the 
vicinity of Langley Field, VA, and from the Thunderstorm Project near Orlando, FL, in the summers of 1946  
and 1947 (refs. 2-59 and 2-60). The 99th percentile value (9.1 m/s) for derived gust magnitude (ref. 2-57) listed  
in table 2-61 was derived from previously published data (ref. 2-58) from aircraft measurements traversing  
thunderstorms.  
Table 2-61.  Percentiles from cumulative probability distribution of gust magnitude 
 for thunderstorm turbulence, 1–14 kft (ref. 2-56).
Percentile
























Aλ  = 60 to 300 m
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Missing from these early analyses are two important gust characteristics—the gust width and shape. For 
application of a discrete gust in an elastic body loads analysis, gust widths are chosen to excite vehicle response 
modes to produce the maximum design response requirement. The gust width for excitation can be as small as  
60 m (≈200 ft) for a spacecraft and as large as 450 m (≈1,500 ft) for a heavy-lift launch vehicle (ref. 2-49). The 
U.S.	Air	Force	Titan	and	Delta	vehicle	programs	use	a	1-cos	gust shape with a 9-m/s amplitude and 304-m gust 
width.  The important difference between the Air Force gust	model	and	the	classical	NASA	model	is	that	the	rise	
to	9	m/s	takes	place	over	152	m	rather	than	30	m	for	the	NASA	model.	In	a	study	(ref.	2-49)	of	medium-	and	
heavy-lift	vehicle	pitch-bending	moment	responses	to	the	classical	NASA	classical	gust	(“flat-top”	gust) and the 
1-cos gust (1997 model), with both having the same wavelength (≈300 m for medium lift and ≈450 m for heavy 
lift) and amplitude (≈9	m/s),	it	was	concluded	that	the	NASA	classical	gust produced larger loads that were as 
much	as	40-percent	larger	for	the	heavy-lift	vehicle,	thus	producing	a	more	conservative	or	“robust”	design 
requirement. 
2.3.7.2  Classical NASA Discrete Gust Model.  Assuming that a design wind speed profile	envelope 
without a wind shear envelope is to be used in a design	study,	the	classical	NASA	model	defines	an	associated	
discrete gust of variable length from 60 to 300 m. The leading and trailing edges conform to a 1-cos buildup and 
decay within an altitude	interval	of	30	m,	as	shown	in	figure	2-17.	The	plateau	region	of	the	gust can vary in 
thickness from zero to 240 m. An analytical expression for the value of this gust (ug) as a function of height, H, 
above natural grade is given by









≤ ≤ +2 1 30 30cos , ,
π m  
  u A H H Hg b b= + ≤ ≤ + −, ,30 30m mλ  
and









+ − ≤ ≤ +2 1 30 30cos , ,
π λ λ λm   (2.73) 
where Hb is the height of the base of the gust above natural grade, λ is the gust thickness (60 ≤ λ ≤ 300 m),  
and A is the gust amplitude in meters per second.
 The gust amplitude is a function of Hb, and, for design purposes, the 1-percent risk gust amplitude  
is given by
	 	 A = 6 m/s,   Hb	< 300 m
  A H Hb b= − + ≤ ≤
3
700 300 6 300 1 000( ) , ,m m
and
	 	 A Hb= >9 1 000m/s m, , . 	 (2.74) 
If a wind speed profile	envelope with a buildup and a back-off wind shear envelope (sec. 2.5.3.1) is to be used  
in a design study, it is recommended that the previously mentioned discrete gust	be	modified.	For	wind shear 
buildup,	the	modified	leading	edge	1-cos	shape	is	defined	by
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where the height of the gust base, Hb,	corresponds to the point where the design wind speed profile	envelope 
intersects the design buildup shear envelope. For a wind speed profile	envelope with a back-off wind shear  
envelope,	the	1-cos	trailing	edge	is	defined	by
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and the leading edge shall conform to a 1-cos shape. In this case, the height, Hb+λ, of the end of the gust corre-
sponds to the point where the design wind speed profile	envelope intersects the design back-off shear envelope. 
This	modification	of	the	1-cos	shape	at	the	leading	and	trailing	edges	ensures	that	the	merging	of	the	shear	and	
gust is continuous. This merging reduces the gust amplitude to 0.85 of its original value to account for the non-
perfect correlation between wind shear and gust (sec. 2.5.5).
2.3.7.3  NASA 1997 Discrete Gust Model.  The basis for the derivation of gust magnitude as a  
function of gust	half-width	is	given	in	a	MIL-SPEC	of	requirements	for	the	flying	qualities	of	piloted	aircraft	 
(ref.	2-52).	This	specification	is	significant	because	it	is	based	on	the	same	aircraft	turbulence data used in studies  
(refs.	2-52,	2-58,	and	2-59)	that	led	to	the	establishment	of	the	NASA	classical	9-m/s	gust. The gust model (V)  
has	the	1-cos	shape	(fig.	2-18)	defined	by	MIL-F-8785B	(ref.	2-52):	
V d d dm= < >0 0 2, ,
 V V d d d dm m m= − ( )( ) ≤ ≤2 1 0 2cos / , ,π  (2.77)













Figure	2-18.		Discrete	gust model (1 cos).
The	MIL-SPEC	relationship	between	nondimensional	longitudinal	gust magnitude, Vm/σ, and nondimen-
sional gust half-width, dm/L,	heretofore	in	the	form	of	an	empirical	least-squares	fit	(ref.	2-54)	to	the	MIL-SPEC	
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Figure 2-19.  Nondimensional discrete gust magnitude Vm /σ as a function of nondimensional gust half-width, 
 dm /L,	longitudinal	component	(original	MIL-SPEC	graphical	version).
Table 2-62.  Mean horizontal turbulence standard deviation, σh, length scale, Lh, 
 and probability of severe turbulence as a function of altitude.
Alt. MSL    σh
(m/s)
  Probability

















































for a variable lower bound for wave number, Ωi.	The	equation	for	the	Dryden	PSD	for	the	longitudinal	 
component of atmospheric turbulence is


























graphic representation (ref. 2-52), is illustrated for the longitudinal gust	component	in	fig.	2-19,	where	σ  
is the standard deviation of atmospheric turbulence and L is the scale length of atmospheric turbulence. The most 
recent compilation (ref. 2-60) of parameters σ and L as a function of altitude is presented in table 2-62 for severe 
turbulence.
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where 0 ≤ Ω ≤ ∞, σ 2 is the variance, and L is the turbulence length scale. Integration of equation (2.78) from zero 
to	infinity	yields	σ 2. Integration from a lower bound other than zero yields a fractional value of σ 2 which is given 
by
  φ σ π( ) tan .Ω Ω ΩΩ
d L i
i





2 11 2   (2.79) 
 
The square root of the right side of equation (2.79) represents the fractional value of the total standard deviation 
contributed by the wavelength bands Ωi to	infinity.	The	derivation	of	the	nondimensional	discrete	gust magnitude, 
Vm /σ as a function of nondimensional gust half-width (half-wavelength) that is in good agreement with the MIL-
SPEC	relationship	requires	the	following	assumptions:
 
 (1)  The magnitude of the discrete gust is 2.8 times the fractional standard deviation.  
 (2)  The nondimensional gust half-wavelength, dm /L,	is	defined	by	
  d L Lm i
/ ;= 1
π Ω  (2.80)
thus,
  L d Li m
Ω = ( )
1
π / . (2.81) 
Consequently, the nondimensional gust magnitude, Vm/σ, as a function of dm/L is 
  V d Lm m




−2 8 1 2 11. tan / .π π   (2.82)
 
The derived equation (eq. (2.82)) for the longitudinal gust	component	is	illustrated	in	figure	2-20.	Values	
for Vm (m/s) at a selected altitude	for	a	specified	dm (m) are calculated using the values of σ (m/s) and L (m)  
(σh and 103 Lh, respectively) given in table 2-62 and the appropriate expression for Vm/σ, which is selected based 
on the value of dm/L as described above. The authors caution the reader that the caption at the top of the original 
table	2-71,	which	refers	to	“magnitudes	(σh and σw),”	should	read	“standard deviations (σh and σw).” This has 
been	verified	by	the	principal	author	of	the	original	report	(ref.	2-60)	from	which	the	table	was	derived.
The derived gust magnitudes for the longitudinal gust component for severe turbulence as a function of 
altitude and gust half-width, dm,	are	listed	in	table	2-63.	The	longitudinal	component	is	defined	as	the	horizontal	
gust in the direction of the mean wind. The longitudinal gust is superimposed with the steady-state wind to excite 
vehicle structures in an elastic body simulation model. 
The probabilities of the occurrence of severe turbulence are listed in table 2-62. At 6 km, the risk for 
severe turbulence is 0.56 percent; therefore, from tables 2-62 and 2-63, for dm = 30 m, there is a 0.56-percent risk 
that a gust magnitude of 4.64 m/s will be exceeded. If the objective is to protect the vehicle for a 1-percent risk for 
a 30-m half-width gust, it is conservative to protect for the 4.64 m/s gust (0.56-percent risk).
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Figure	2-20.		Discrete	gust model for longitudinal gust magnitude Vm /σ as a function 
 of nondimensional gust half-width, dm /L, from closed-form integration 
	 of	Dryden	PSD	model.
Table	2-63.		Discrete	longitudinal	gust magnitude (m/s) as a function of altitude (km) 
 and gust half-width, dm (m) for severe turbulence.
Altitude Gust Half Width (m)
(km) (kft) 30 60 90 120 150 180 210 240 270 300
  1   
  2   
  4   
  6   
  8   
10   
12   
14   




































































































As shown in table 2-63, the smallest gust half-width, dm, associated with a 9-m/s gust is ≈100 m at 8 km. 
This	half-width	is	more	than	3	times	larger	than	the	smallest	half-width	(30	m)	of	the	NASA	classical	9-m/s	gust. 
This	discussion	has	emphasized	the	conservatism	of	the	NASA	classical	model	for	gust half-widths  
<100 m. Application of the 1997 model for specifying of gust magnitude requires that adequate protection exists 
for all vehicle response modes, including those for the gust half-widths >100 m for which gust magnitudes can be 
larger than 9 m/s.  
2.3.7.4  Conclusion.		NASA	developed	a	rationale	for	deriving	a	discrete	gust magnitude that is a func-
tion of altitude and gust half-width in 1997. This rationale is based on established methods that are included in 
MIL-SPEC	requirements	for	the	flying	qualities	of	piloted	aircraft.	This	prior	specification	is	significant	because	
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model for gust half-widths, dm, <100 m is conservative. The conservatism of the classical model is attributed 
to the lack of a relationship between gust magnitude and gust half-width and the associated design philosophy 
applied	to	the	Saturn-Apollo	design.	The	1997	model	contains	such	a	relationship,	which	may	provide	the	needed	
load relief for special unanticipated operational situations that could impact assessments of launch capability. 
The Shuttle	program	uses	the	more	conservative	classical	9-m/s	discrete	gust	model	as	the	primary	tool	for	DOL	
protection for the uncertainty of elastic body loads response to a gust during severe turbulence. The conservatism 
of the classical model may not be restricted to the 9-m/s magnitude for dm less than ≈100 m. For equivalent mag-
nitudes and dm > 30 m, the classical model could produce higher loads than the 1997 model (ref. 2-49). This may 
be	attributed	to	the	“flat-top”	quasi-square	wave form of the classical gust and the larger gust gradients that result 
from constraining the gust buildup and back-off	to	a	30-m	interval.	(The	two	models	are	illustrated	in	figure	2-21	
for z = 8 km and dm = 60 and 150 m.) This may be offset for dm > 100 m because the gust magnitudes of the 1997 
model can be >9 m/s. Establishment of the degree of acceptable conservatism of either model for a particular 
launch	vehicle	configuration	and	mission	would	be	the	responsibility	of	systems	engineering	analysts.	Even	then,	
launch vehicle operations managers, are responsible for risk assessments and selection of the model to be used for 
determining elastic body loads uncertainty.  The most conservative gust model may or may not be the best choice 
for operations capability because launch probability may be needlessly compromised relative to the additional 
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Figure	2-21.		NASA	classical	(dashed)	and	1997	(solid)	discrete	gusts for half-widths of 60 and 150 m.
2.3.8  Gust Spectra
 In general, the small-scale motions associated with vertical detailed profiles	of	wind are characterized  
by a superposition of discrete gusts	and	many	random	components.	Spectral	methods	have	been	employed	 





a continuous-type gust representation.) Thus, for vehicle design purposes, a spectrum of small-scale motions is 
representative	of	the	motions	included	in	the	FPS-16	radar/Jimsphere	measurements,	which	are	not	included	in	the	
rawinsonde measurements. Therefore, a spectrum of those motions should be considered in addition to the steady-
state wind profiles	to	obtain	an	equivalent	representation	of	the	detailed	wind profile.	Spectra	of	the	small-scale	
motions for various probability	levels	have	been	determined	and	are	presented	in	figure	2-22.	The	spectra	were	
computed from ≈1,200 detailed wind profile	measurements	by	computing	the	spectra	associated	with	each	profile	
and then determining the probabilities of occurrence of spectral density as a function of vertical wave numbers 
(cycles/4,000 m). Thus, the spectra represent envelopes of spectral density for the given probability levels.
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Spectra	associated	with	each	profile	were	computed	over	the	altitude range between approximately  
4 and 16 km. It has been shown that energy (variance) of the small-scale motions is not vertically homogeneous; 
i.e., it is not constant with altitude. The energy content over limited altitude intervals and for limited wave number 
bands	may	be	much	larger	than	that	represented	by	the	spectra	in	figure	2-22.	This	should	be	kept	in	mind	when	
interpreting	the	significance	of	vehicle	responses	when	employing	the	spectra	of	small-scale	motions.	Additional	
details on this subject are available upon request. Envelopes of spectra for detailed profiles	without	filtering	(solid	
lines)	are	also	shown	in	figure	2-22.
 These spectra are well represented for wave numbers ≥5 cycles per 4,000 m by the equation
	 	 E(k) = E0k–p		, (2.83) 
where 
E = spectral density at any wave number k	(cycles/4,000 m) between 1 and 20, E0 = E(1)
p = a constant for any particular percentile level of occurrence of the power spectrum.
	 Spectra	of	the	total	wind speed profiles	may	be	useful	in	control	systems	and	other	slow	response	 
parametric studies for which the spectra of small-scale motions may not be adequate.
 The power spectrum recommended for use in elastic body studies is given by the following expression:
  E k k( ) . ,.= × − −1 8 10 4 2 43  (2.84) 
where the spectrum E(k)	is	defined	so	that	integration	over	the	domain	0	≤ k ≤ ∞ yields the variance of the tur-
bulence. In this equation, E(k) is now the power spectral density (m2 s –2/(cycles per meter)) at wave number k 
(cycles per meter). This function represents the 99-percentile scalar wind spectra for small-scale motions given 
by the dashed curve and its solid line extension into the high wave	number	region	in	figure	2-22.	The	associ-
ated design turbulence loads are obtained by multiplying the load standard	deviations	by	a	factor	>1	to	reflect	an	
acceptable level of risk. For example, a factor of 3 will correspond to a risk of 0.99865, assuming the small-scale 
motions	constitute	a	Gaussian	process.	(Spectra	for	meridional	and	zonal	components	are	available	upon	request.)
 An alternate power	spectrum	specification	has	been	developed	(ref.	2-61)	by	combining	an	analysis	of	 
Jimsphere wind measurements and knowledge of the spectrum of clear-air turbulence (CAT) at scales smaller  
than those reliably measured by Jimsphere. The spectrum covering wavelengths from 1,000 to 200 m was deter-
mined	by	finding	the	spectrum	computed	from	a	random	sample	of	100	Jimsphere	profiles	in	the	1,000-	 
to 200-m range. The part of the spectrum with the k–2/4 shape is the result. Then, to cover wavelengths <200 m,  
an isotropic-type spectrum corresponding to moderate CAT was added, the k–5/3	part.	The	spectra	are	specified	 
as
	 	 E(kz) = 5.3(10–4) kz–2/4+1(10–2) kz–5/3 ,  for z	≥ 10 km (2.85)
and
	 	 E(kz) = 2.4(10–4) kz–2/4+1(10–2)kz–5/3 ,  for z	< 10 km  ,  (2.86)
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where
 kz  = vertical wave number (cycles/meter)
 z  = altitude above mean sea level (km).
These	spectra	are	based	on	KSC	measurements	but	are	expected	to	be	applicable	at	other	locations	since	
research suggests that small-scale motions are nearly universal in amplitude. However, the 99-percent spectral 
envelope level and moderate CAT do not apply near thunderstorms or other locations where turbulence is catego-
rized as severe.
 Vehicle responses obtained from application of these turbulence spectra should be added to rigid vehicle 
responses resulting from use of the synthetic wind speed and wind profile	(with	the	0.85	factor	on	shears)	 
but without a discrete gust. One method of application is to inverse Fourier transform from wave number space  
to height space with random, uniformly distributed phase spectra and add the transformed small-scale winds  
to synthetic profiles	in	a	Monte	Carlo	analysis.
2.3.9  Vector Wind Profile Models
 2.3.9.1  Background.  The most useful engineering design application of a vector wind profile	model	 
is to establish preliminary design ranges for angle of attack, α, angle of sideslip, β, aerodynamic pressure, q, and 
the two aerodynamic load indicators, which are the products: qα and qβ.	These	and	other	flight	variables	are	typi-
cally	derived	from	ascent	flight	6-degrees-of-freedom	trajectory	simulations using wind model profiles.	
Following the preliminary vehicle design using a vector wind profile	model,	trade	studies	can	be	made	
to establish a requirement to bias steering to reduce wind loads and increase launch probability.	When	sufficient	
engineering data have been established, structural loads and performance assessments are made using samples  
of high-resolution wind profile	measurements.	Currently,	for	KSC,	this	data	sample	is	150	Jimsphere	profiles	 
per month.
2.3.9.2  Models.  Wind is a vector quantity having a direction and speed. To model the wind with  
multivariate normal probability functions, the wind speed and direction are converted to wind components  
as zonal wind component U (positive west to east) and meridional wind component V (positive south to north).
Assuming that the wind vectors at any altitude are bivariate normally distributed and the wind vectors 
at two altitudes are quadravariate normally distributed, then the differences in the wind vectors (wind shears) 
between two altitudes are bivariate normally distributed and the conditional wind shears between two altitudes, 
given a wind vector at one altitude, are bivariate normally distributed.  The conditional wind shears were used  
in the original vector wind profile	model	(ref.	2-38)	used	for	Shuttle	design and ascent structural loads and per-
formance analysis. A detailed description of the concepts and equations for construction of the original vector 
wind model profiles	is	given	in	reference	2-38.	
 A wind profile	database	is	required	for	developing	a	site-specific	vector wind profile	model.	 
For	KSC,	the	rawinsonde	database	for	the	period	1956–1967	at	1-km	intervals	from	the	surface to 27-km  
altitude was used for the model. The 14 quadravariate normal probability parameters for the wind vectors at two 
altitudes are the means (u v u v1 1 2 2, , , ), standard deviations ( s s s su v u v1 1 2 2,   ,  , ),	and	the	six	correlation	coefficients	[ ( , ), ( , ), ( , ),r u v r u v r u u1 2     1 2 1 2  r v v r u v r v u( , ), ( , ), ( , )1     and  2 1 2 1 2 ]. The original vector wind profile	model	 
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is based on the quadravariate normal distribution of the components of a given wind vector at a reference altitude 
(u1,v1) and the components of the vector wind shear between the reference altitude and any other altitude ( , )′ ′u v .  
The 14 statistical parameters of this distribution are: u v u v1 1, , , ,   ′ ′ s s s su v u v1 1,  , , ,′ ′ r u v( , ),1 1   r u v( , ),′ ′ r u u( , ),1  ′  
r v v( , ),1  ′  r u v( , ),1  ′  and r v u( )1,  ′ .
 For the Shuttle	vector wind profile	model	(ref.	2-38),	wind vectors are assigned as given values that 
intercept the 95-percent probability ellipse at a reference altitude. These wind vectors are for clocking angles at 
45º	increments	to	the	95-percent	ellipse	relative	to	the	monthly	mean wind. The conditional wind shear statisti-
cal parameters are computed for the given wind vectors at the reference altitude.  The conditional wind shears 
are bivariate normally distributed.  The expression for the conditional wind shears ( , )′ ′u v , given the components 
( , )* *u v1 1  of a wind vector at a reference altitude, is
  
f u v u v
f u v u v
f u v
,   ,   =  











*( ) ( )( ) . (2.87) 
	 For	simplification,	the	cross-component	correlation	coefficients	[ r u v( , ),1 1   r u v( , ),′ ′ r u v( , ),1  ′ r v u( )1,  ′ ] 
are small and are set equal to zero. In addition, the conditional ellipses for the shears is made circular by setting 
the conditional standard deviations of the shears equal to a value that is the root mean	square	(RMS)	of	the	calcu-
lated	values	(ref.	2-38).	The	intercept	180º	from	the	given	wind vector relative to the monthly mean that intercepts 
the conditional shear circle is then subtracted from the given wind vector. Model wind profiles	are	constructed	 
by repetition of this process at 1-km intervals for the altitudes above and below the reference altitude.
 Figure 2-23 illustrates the dispersion of qα, qβ at Mach 1.05 derived from rigid-body trajectory simula-
tions	with	the	150	April	KSC	Jimsphere	wind profiles	(dots)	and	the	eight	vector wind model profiles	(dotted	
circles, refs. 2-62 and 2-63). Each trajectory is wind biased to the April vector mean wind profile.	The	95-percent	
probability ellipse (inner curve) is derived from the bivariate normal statistics (means, standard deviations, and 
correlation	coefficient)	of	qα, qβ from the 150 Jimsphere cases. This illustrates that this 95th percentile vector 
wind model produces qα, qβ dispersions that are conservative estimates of the 95th percentile dispersion derived 
from a sample of Jimsphere wind profiles.	When	a	7.85-m/s	gust (9 m/s times 0.85) is added to the wind profile	
model profiles	at	Mach	1.25,	the	simulated	qα, qβ outer curve is at a very high percentile level that was not esti-
mated in the original publications. This example supports the conclusion that it was not necessary in the Shuttle	
application to add a gust to the modeled profiles	to	obtain	a	reasonably	conservative	estimate	of	the	qα, qβ disper-
sion at a selected percentile level. Gusts are considered in separate analyses to establish loads attributed to vehicle 
elastic body gust response (sec. 2.3.7) and to establish vehicle guidance and control system capability.  
 2.3.9.3  Improved Monthly Vector Wind Profile Model.  The procedure for modeling vector wind  
profiles	based	on	the	properties	of	a	quadravariate	normal	distribution	was	first	published	in	1963	by	Henry	 
(ref. 2-64). The necessary statistical parameters for this wind-modeling concept have been known since 1960  
(ref. 2-65), and touched on in 1969 (ref. 2-66), but it was not until 1994 that this method was fully implemented 
by Adelfang et al. (ref. 2-67).
Rather than the awkward procedure for computing the conditional wind vector shears as was done for the 
Shuttle	program,	a	direct	method	is	used	to	model	the	conditional	bivariate normal probability ellipses for wind 
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Figure 2-23.  STS-1 pitch and yaw aerodynamic load indicators (qα, qβ) Mach = 1.05 
 for 150 April Jimsphere profiles for KSC.
This improved method uses the complete variance-covariance matrix for the wind statistics, expressed as
  f u v u v f
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* *( ) = ( )( )   (2.88) 
 The given wind vectors ( ,*u1 v )1*  are assigned to the 99-percent ellipse at 30º increments relative  
to the monthly mean wind vector. The conditional wind vector that intercepts the 99-percent conditional wind  
vector ellipse 180º from the given wind direction approximates the largest wind vector shear. This model uses  
the 99-percent probability wind ellipses at the discrete reference altitude because ≈95 percent of the wind profiles 
lie within the 99-percent ellipses over all altitudes. A comparison of the original and improved vector wind profile 
model is given in table 2-64.
For the KSC wind data sample at 1-km intervals from the surface to 27-km altitude, there are 28 reference 
altitudes and 12 given wind vectors at each reference altitude from which 12 conditional wind vectors are com-
puted for each altitude above and below each reference altitude. Hence, the complete monthly vector wind profile 
model has 336 (28×12) wind profiles, expressed in terms of wind speed and direction at the surface to 27-km 
altitude at 1-km intervals. The monthly mean profile and the 12 wind profiles for KSC, February, for a reference 
altitude of 12 km are illustrated in figure 2-24 for the zonal wind component (u) and figure 2-25 for the meridional 
wind component (v). 
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Quadravariate normal
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Figure 2-25. Mean profile	(thick	solid)	and	vector wind model profiles	for	H1 = 12 km, 
 v-component,	KSC,	February.
A	KSC	monthly	enveloping	vector wind model (ref. 2-67) has been used in preliminary design analyses 
for the U.S.	National	Launch	System	(NLS)	(ref.	2-69).	Aerodynamic	load indicators (qα ,	qβ) were calculated 
with a 6-degree-of-freedom trajectory simulation,	for	a	90º	flight	azimuth,	using	1,800	(150/mo)	KSC	Jimsphere	
wind profiles	and	336	wind profiles	from	the	enveloping	model.	Vehicle	steering,	established	prior	to	trajectory	
simulation, was biased with respect to a nominal wind profile	defined	by	the	centroids	of	the	KSC	99-percent	
enveloping wind ellipses (table 2-65). The trajectory simulation includes vehicle control system response to cor-
rect	for	flight	wind profile	deviation	from	the	nominal	wind profile	to	ensure	desired	orbit	insertion	and	to	satisfy	
flight	propellant	reserve	requirements.	Control	system	response	to	off-nominal	wind	is	an important contributor to 
aerodynamic loads because of the relationship between vehicle control and vehicle attitude, which includes α and 
β. Trajectory simulation data (qα,	qβ) at 12 km, near the altitude of maximum Q,	are	illustrated	in	figure	2-26.	
The 99-percent enveloping ellipse was constructed from the monthly	qα,	qβ data using the methodol- 
ogy described for wind data	in	ref.	2-67	(eqs.	(2.27)	–	(2.31)).	The	five	Jimsphere	profiles	that	produced	the	five	
extremes of qα,	qβ	are	identified	by	a	monthly	profile	number.	The	12	values	of	qα,	qβ  derived from the profiles	 
of the enveloping wind model for a reference altitude	of	12	km	are	identified	by	clocking	angle	(zero	to	330	 
at	30º	increments).	It	is	indicated	that	the	enveloping	wind	model produces qα,	qβ that are consistently more 
extreme than even the most extreme values produced from the 1,800 Jimsphere profiles.	This	result	does	not	
necessarily	point	to	a	deficiency	of	the	model	or	the	Jimsphere	database.	If	the	Jimsphere	qα,	qβ are used as a 
standard	for	the	evaluation	of	the	model,	then	it	would	not	be	difficult	to	make	adjustments	in	the	model	profile	
construction process that would produce smaller qα,	qβ. For example, reduction of the probability level for the 
ellipse	used	in	the	definition	of	the	given	wind vector would reduce qα,	qβ. However, there is a more appropriate 
standard for evaluation of the model. It is suggested that the standard be the enveloping ellipse of qα,	qβ  
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derived from the database that was used to calculate the statistical parameters of the model, which is the 19-yr 
serially complete rawinsonde database (see sec. 2.3.11.2). The larger extremes in the 19-yr rawinsonde sample are 
attributed to the large sample size (≈650 statistically independent profiles	per	month),	which	is	more	than	4	times	
larger than the Jimsphere monthly total. This comparison of sample size is based on the criteria used in establish-
ment of the Jimsphere database, which required that profiles	be	separated	by	a	time	interval	of	at	least	24	hr.
Jimsphere profile	number	89	in	January	and	the	model	profile	for	a	clocking	angle	of	300º	for	a	ref- 
erence height of 12 km produce similar large values of qα,	qβ	(fig.	2-26).	These	wind profiles	are	illustrated	 
in	figure	2-27	along	with	the	nominal	profile	used	for	wind	biasing vehicle steering. The large-scale feature that 
dominates the Jimsphere and the model profile	is	the	strength	of	the	negative	v (northerly) component, which  
is	a	crosswind	relative	to	the	vehicle,	for	a	90º	launch	azimuth.	This	crosswind,	which	is	a	deviation	of	40	m/s	
from the nominal wind profile,	produces	a	relatively	large	β	response	by	the	vehicle	control	system.	Since	this	
occurs at an altitude where q is near its maximum value, absolute qβ is also large (8th largest of the 1,800 trajec-
tory simulations using Jimsphere profiles).	The	maximum	absolute	β response produced by the model profiles	 
Table 2-65.  Nominal wind profile	defined	by	the	centroids	of	the	KSC	99-percent	monthly	
 enveloping ellipses at each altitude from zero to 27 km at 1-km altitude intervals 
 (derived from monthly bivariate normal statistics	for	the	KSC	range reference 





























































































(47 and 48 m/s, respectively). Absolute qβ	is	largest	at	90º	compared	to	60º,	because	the	increase	in	q	at	90º	 
attributed to the in-plane (u) wind component outweighs the slight decrease in β response. The qα extremes are  
at	clocking	angles	0º	and	180º	which	have	the	largest	deviations	of	the	in-plane	wind component from the nominal 
wind profile	(62.7	and	–35	m/s,	respectively).
The improved vector wind profile	model	produces	wind profiles	that	are	a	reasonable	substitute	for	mea-
sured wind profile	samples.	Model	wind profiles	produce	dispersions in aerodynamic load indicators that cover 
the dispersion range calculated from an extensive sample of Jimsphere wind profiles.	This	is	accomplished	with	
only 12 model synthetic wind profiles	compared	to	1,800	Jimsphere	profiles	for	a	selected	reference	altitude. This 
represents an opportunity for a considerable reduction of computational effort during design phases that require 
much iteration to establish the merit of various design philosophies. 
	 Table	2-66	and	figure	2-28	provide	two	additional	examples	of	the	products	that	can	be	produced	through	
the use of the improved vector wind profile	model.	The	12-vector wind profiles	from	the	KSC	vector wind model 
for a reference height of 9 km are presented for the in-plane (IP) and out-of-plane (OP) wind components relative 
to	a	flight	azimuth	of	90º.	Similar	products	can	be	produced	for	any	flight	azimuth,	reference	height,	and	monthly	
period. This improved vector wind profile	model	is	recommended	for	baseline	preliminary	aerospace	vehicle	












































Figure 2-26.  Aerodynamic load indicators (qα, qβ) at 12 km obtained from trajectory simulations 
	 using	1,800	KSC	Jimsphere	wind profiles	(150/mo)	and	the	12	enveloping	vector wind 
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Figure 2-27.  Enveloping vector wind model profile	for	300º	clocking	angle	and	12-km	reference	
 altitude,	KSC,	January,	Jimsphere	profile	89	and	nominal	wind profile	used	to	bias	
 ascent vehicle steering. 
2.3.10  Characteristic Wind Profiles to a Height of 18 km (59 kft)
A	significant	problem	in	aerospace	vehicle	design is to provide assurance of an adequate design for 
flight	through	wind profiles	of	various	configurations.	During	the	major	design phase of an aerospace vehicle, 
the descriptions of various characteristics of the wind profile	are	employed	in	determining	the	applicable	vehicle	
response	requirement.	Since	much	of	the	vehicle	is	in	a	preliminary	status	of	design and the desired detail data on 
structural dynamic modes and other characteristics are not known at this time, the use of statistical and synthetic 
representations of the wind profile	is	desirable.	However,	after	the	vehicle	design	has	been	finalized	and	tests	have	
been conducted to establish certain dynamic capabilities and parameters, it is desirable to evaluate the total sys-
tem	by	simulated	dynamic	flight	through	wind profiles	containing	adequate	frequency resolution (ref. 2-71). The 
profiles	shown	in	figures	2-29	through	2-34	are	profiles	of	a	scalar wind measured	by	the	FPS-16	radar/Jimsphere	
wind measuring system, and they illustrate the following: (1) Jet stream winds, (2) sinusoidal variation in wind 
with height, (3) high winds over a broad altitude band, (4) light wind speeds, and (5) discrete gusts.
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Table 2-66.  Twelve vector wind model profiles	plus	mean profiles	for	KSC,	February,	reference
 height = 9 km, IP and OP wind components	(m/s),	for	flight	azimuth	=	90º.
z (km) (kft)
Profiles
1 2 3 4 5 6









































































































































































































































































































































































































 These profiles	show	only	a	few	of	the	possible	wind profiles	that	can	occur.	Jet stream winds	(fig.	2-29)	
are quite common over the various test ranges during the winter months and can reach magnitudes in excess  
of 100 m/s. These winds occur over a limited altitude range, making the wind shears very large. 
 Figure 2-30 depicts winds having sinusoidal behavior in the 10- to 14-km region. These types of winds 
can create excessive loads on a vertically rising vehicle, particularly if the reduced forcing frequencies couple 
with the vehicle control frequencies and result in additive leads. Periodic variations in the vertical wind profile	 
are	not	uncommon.	Some	variations are of more concern than others, depending on wavelength and, of course, 
amplitude.
 Figure 2-31 is an interesting example of high wind speeds	that	occurred	over	6	km	in	depth.	Such	flow	is	




Table 2-66.  Twelve vector wind model profiles	plus	mean profiles	for	KSC,	February,	
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2.3.11  Wind Profile Data Availability
 2.3.11.1  KSC and VAFB Jimsphere Wind Design Assessment and Verification Database.  The 
Jimsphere wind design	assessment	and	verification	data	tapes	are	a	very	special	data	set	for	wind	aloft vehicle 
response	and	other	analytical	studies.	When	properly	integrated	into	a	flight	simulation	program;	e.g.,	Space	 
Shuttle,	vehicle	operational risks can be more accurately assessed relative to the true representation of wind  
velocity profile	characteristics. The wind velocity profiles	contain	wind vectors for each 25 m in altitude from 
near surface to an altitude of ≈18 km. The high-frequency	resolution	is	one	cycle	per	100	m	with	an	RMS	error	
of ≈0.5 m/s for velocities averaged over a 50-m-height interval. Launch probability	statements	may	be	specified	
from	flight	simulations and related analyses. Through indepth mathematical and statistical interpretations  
of	these	data,	specific	criteria	can	be	generated	on	details	of	vector winds, gusts, shears, and the wind flow	field	
interrelationships.
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Figure 2-28.  Twelve vector wind model profiles,	KSC,	February,	reference	height	=	9	km,	
 for (a) IP wind component profiles	1–6,	(b)	IP	wind components profiles	7–12,	
 and (c) OP wind component profiles	1–12	for	flight	azimuth	=	90º.
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Figure 2-30.  Example of sine wave	flow	in	the	10-	to	14-km	altitude region.
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Figure 2-32.  Example of low wind speeds.
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Figure 2-34.  Example of a discrete gust observed by a Jimsphere released at 2103Z 
	 on	November	8,	1967,	at	KSC.
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 Two special Jimsphere wind profile	data	sets	of	150	profiles	per	month	are	available	for	KSC	and	VAFB.	
In addition, a set of Jimsphere wind profiles	separated	by	given	time	periods	for	2-,	3.5-,	7-,	and	10.5-hr	pairs	
grouped	according	to	summer,	winter,	and	transition	seasonal	months	has	been	prepared	for	KSC.	A	similar	set	of	
3.5-hr wind profile	pairs	has	also	been	assembled	for	VAFB.	These	data	sets	were	selected	based	on	an	extensive	
statistical and physical analysis of the vector wind profile	characteristics and their representativeness. They have 
been	specified	for	use	in	the	Space	Shuttle	program	for	system	design assessment, performance analysis, and pre-




 2.3.11.2  Availability of Rawinsonde Wind Velocity Profiles.  Unique serially complete, edited, and 
corrected rawinsonde wind profile	data	at	1-km	intervals	to	≈30 km are available for 19 yr (two observations per 
day)	for	KSC,	for	9	yr	(four	observations	per	day)	for	Santa	Monica,	and	for	14	yr	(two	observations	per	day)	for	




 2.3.11.3  Availability of Rocketsonde Wind Velocity Profiles.  Rocketsonde wind profile	data	at	1-km	
intervals from approximately 20 to 75 km have been collected from various launch sites around the world. These 
data can be obtained from the World	Data	Center	A,	Asheville,	NC	28801.
 2.3.11.4  Availability of DRWP Wind Velocity Profiles.  Quality-controlled wind profiles	from	the	KSC	
50	MHz	DRWP	for	the	period	October	1995	through	March	1996	are	available.	The	profiles,	covering	altitudes 
from 2 to 18 km in 150-m increments, are available at 5-min intervals. Quality-controlled wind profiles	for	the	
Eastern Range	network	of	five	915	MHz	DRWP	are	also	available	for	the	period	from	November	1999	to	August	
2001. These profiles,	covering	altitudes from 130 to 2,558 m in 101-m steps, are available at 15-min intervals. The 
data sets and the associated quality control processes are described in references 2-40 and 2-72, respectively. These 
data	are	available	from	the	NASA	KSC	Weather	Office,	Mail	Code	YA-D,	Kennedy	Space	Center,	FL		32899.
 2.3.11.5  Utility of Data.  All wind profile	data	records should be checked carefully by the user before 
employing them in any vehicle response calculations. Wherever practical, the user should become familiar  
with the representativeness of the data and frequency content of the profile	used,	as	well	as	the	measuring	system	
and reduction schemes employed in handling the data. For those organizations that have aerospace meteorology-
oriented groups or individuals on their staffs, consultations should be held with them. Otherwise, various govern-
ment groups concerned with aerospace vehicle design	and	operation	can	be	of	assistance.	Such	action	by	the	user	
can prevent expensive misuse and error in interpretation of the data relative to the intended application.
2.3.12  Atmospheric Turbulence Criteria for Horizontally Flying Vehicles
This section presents the continuous random turbulence model for the design of aerospace vehicles capa-
ble	of	flying	horizontally,	or	nearly	so,	through	the	atmosphere. In general, both the continuous random model 
(secs. 2.3.12 and 2.3.13) and the discrete model (sec. 2.3.14) are used to calculate vehicle responses, with the  
procedure producing the larger response being used for design.
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 The lateral and vertical components of turbulence are perpendicular to the relative mean wind vector and 
act	in	the	lateral	and	vertical	directions	relative	to	the	vehicle	flight	path.	To	a	reasonable	degree	of	approximation,	
in-flight	atmospheric	turbulence	experienced	by	horizontally	flying	vehicles	can	be	assumed	to	be	homogeneous,	
stationary, Gaussian, and isotropic. Under some conditions, these assumptions might appear to be drastic, but for 
engineering	purposes,	they	seem	to	be	appropriate	except	for	low-level	flight	in	approximately	the	first	300	m	 
of the atmosphere. It has been found that the spectrum of turbulence	first	suggested	by	von	Karman	appears	to	be	
a good analytical representation of atmospheric turbulence. The longitudinal spectrum is given by


















where σ 2 is the variance of the turbulence, L is the scale of turbulence, and Ω is the wave number in units  
of radians per unit	length.	The	spectrum	is	defined	so	that
  σ 2 0= ∫∞ Φ Ω Ωu L d( , ) . (2.90) 
The theory of isotropic turbulence predicts that the spectra Φw of the lateral components of turbulence  
are related to the longitudinal spectrum through the equation
































The nondimensional spectra 2π Φu σ2 L	are	depicted	in	figure	2-35	as	functions of ΩL. As LΩ > ∞, Φu and Φw 
asymptotically behave like
  Φ Ω Ωu
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and
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( ) , (2.94) 
consistent with the concept of the Kolmogorov inertial subrange. In addition, Φw/Φu → 4/3 as ΩL→ ∞.	Design	
values of the scale of turbulence L are given in table 2-67. Experience indicates that the scale of turbulence 













































Figure 2-35.  The nondimensional longitudinal and lateral, 2πΦu/σ2L and 2πΦw/σ2L, 
 spectra as functions as the dimensionless frequency LΩ.
10 m (≈30 ft) near the surface to 610 m (2,000 ft) at an approximate 762-m (2,500-ft) level; typical values of L 
are in the order of 762 to 1,829 m (2,500 to 6,000 ft). The scales of turbulence in table 2-67 above the 300-m level 
are probably low, and they would be expected to give a somewhat conservative or high number of load or stress 
exceedances per unit	length	of	flight.	The	scale	of	turbulence	indicated	for	the	first	304.8	m	of	the	atmosphere in 
table 2-67 is a typical value. The use of this average scale of turbulence may be appropriate for load studies; how-
ever,	it	is	inappropriate	for	control	system	and	flight	simulation purposes, in which event the vertical variation of 
the	first	304.8	m	of	the	atmosphere in table 2-67 is a typical value. The use of this average scale of turbulence may 
be appropriate for load	studies;	however,	it	is	inappropriate	for	control	system	and	flight	simulation purposes, in 
which event the vertical variation of the scale of turbulence	in	the	first	300	m	of	the	atmosphere should be taken 
into account.
 The power spectrum analysis approach is applicable only to stationary Gaussian continuous turbulence, 
but atmospheric turbulence is neither statistically stationary nor Gaussian over long distances. The statistical 
quantities used to describe turbulence vary with altitude, wind direction, terrain roughness, atmospheric stability, 
and	a	host	of	other	variables.	Nevertheless,	it	is	valid	to	a	sufficient	degree	of	engineering	approximation	to	rec-
ommend that atmospheric turbulence	be	considered	locally	Gaussian	and	stationary	and	that	the	total	flight	his-
tory	of	a	horizontally	flying	vehicle	be	considered	to	be	composed	of	an	ensemble	of	exposures	to	turbulence of 
various intensities, all using the same power spectrum shape. Furthermore, it is recommended that the following 
statistical	distribution	of	RMS	gust intensities be used:
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where b1 and b2 are the standard deviations of σ in nonstorm turbulence. The quantities P1 and P2 denote the frac-
tions of flight time or distance flown in nonstorm and storm turbulence. It should be noted that if P0 is the fraction 
of flight time or distance in smooth air, then
  P0+  P1+  P2=1. (2.96) 
The recommended design values of P1, P2, b1, and b2 are given in table 2-67. Note that over rough terrain, b2  
can be extremely large in the first 304 m (1,000 ft) above the terrain and the b’s for the vertical, the lateral, and  
the longitudinal standard deviations of the turbulence are not equal. Thus, in the first 304 m of the atmosphere 
above rough terrain, turbulence is significantly anisotropic, and this anisotropy must be taken into account in  
engineering calculations.
 An exceedance model of gust loads and stresses can be developed with the preceding information. Let 
y denote any load quantity that is a dependent variable in a linear system of response equations; e.g., bending 
moment at a particular wind station. This system is forced by the longitudinal, lateral, and vertical components  
of turbulence, and upon producing the Fourier transform of the system, it is possible to obtain the spectrum of y. 
This spectrum will be proportional to the input turbulence spectra, the function of proportionality being the sys-
tem transfer function. Upon integrating the spectrum of y over the domain 0 < Ω < ∞, we obtain the relationship
  σ σy A= , (2.97) 
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where 
A = a positive constant that depends upon the system parameters and the scale of turbulence
σy = the standard deviation of y.
 If the output y is considered to be Gaussian for a particular value of σ, then the expected number  
of fluctuations of y that exceed y* with positive slope per unit distance with reference to a zero mean is
  N y N y
y







where N0 is the expected number of zero crossings of y units distance with h positive slope and is given by







2= ∫[ ]∞πσ Ω Φ Ω Ω( ) . (2.99) 
In this equation, Φy is the spectrum of y and
  σ y y d= ∫[ ]∞ Φ Ω Ω( ) .0
1
2  (2.100) 
The standard deviation of σy is related to the standard deviation of turbulence through equation (2.97) and σ is 
distributed according to equation (2.95). Accordingly, the number of fluctuations of y that exceed y* for standard 
deviations of turbulence in the interval σ to σ + dσ is N(y*)p(σ)dσ, so that integration over the domain 0 < σ < ∞ 
yields


















  (2.101) 
where M(y*) is the overall expected number of fluctuations of y that exceed y* with positive slope. To apply this 
equation, the engineer needs only to calculate A and N0 and specify the risk of failure he wishes to accept. The 
appropriate values of P1, P2, b1, and b2 are given in table 2-67. Figures 2-36 and 2-37 give plots of M(y*)/N0 as  
a function of |y*|/A for the various altitudes for the design data given in table 2-67. Table 2-68 provides a sum-
mary of the units of the various quantities in this model.
 2.3.12.1 Application of Power Spectral Model. To apply equation (2.101), the engineer can either cal-
culate A and N0 and then calculate the load quantity y* for a specified value of M(y*), or calculate A and calculate 
the load quantity y* for a specified value of M(y*)/N0. These design criteria are consistent with the limit load 
capability of present-day commercial aircraft. The criterion in which M(y*) is specified is suitable for a mission 
analysis approach to the design problem. The criterion in which M(y*)/N0 is specified also is suitable for a design 
envelope approach to aircraft design.
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 In the design envelope approach, it is assumed that the airplane operates 100 percent of the time at its crit-
ical design envelope point. The philosophy is that if the vehicle can operate 100 percent of the time at any point 
on the envelope, it can surely operate adequately in any combination of operating points in the envelope. A new 
vehicle is designed on a limit-load basis for a specified value of M/N0. Accordingly, M/N0 = 6×10–9 is suitable for 
the design of commercial aircraft. To apply this criterion, all critical altitudes, weights, and weight distributions 
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F2-36
Figure 2-36.  Exceedance curves for the vertical, lateral, and longitudinal components of turbulence 
 for the zero to 304-m (zero to 1,000-ft) altitude range.
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 In the mission analysis approach, a new aircraft is designed on a limit-load basis for M = 2×10–5 load 
exceedances per hour. To apply this criterion, the engineer must construct an ensemble of flight profiles which 
define the expected range of payloads and the variation with time of speed, altitude, gross weight, and center of 
gravity position. These profiles are divided into mission segments, or blocks, for analysis; average or effective 
values of the pertinent parameters are defined for each segment. For each mission segment, values of A and N0 are 
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F2-37
Figure 2-37.  Exceedance curves for the vertical, lateral, and longitudinal components 
 of turbulence for various altitude ranges.
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Table 2-68.  Metric and U.S. customary units of various quantities in the turbulence model 
 for horizontally flying vehicles.
 Quantity Metric Units U.S. Customary Units
 Ω rad/m rad/ft
 Φu, Φw m2/s2/rad/m ft2/s2/rad/ft
    2 m2/s2 ft2/s2
 L m ft
 b1, b2 m/s ft/s
 P1, P2 Dimensionless Dimensionless
  m/s ft/s
 |y*|/A m/s ft/s




analysis to ensure that stress distributions throughout the structure are realistically or conservatively defined. Now 
the contribution of M(y*) from the ith flight segment is ti Mi (y*/T), where ti is the amount of time spent in the ith 
flight regime (mission segment), T is the total time flown by the vehicle over all mission segments, and Mi(y*)  
is the exceedance rate associated with the ith segment. The total exceedance rate for all mission segments, k, is





















1 2  (2.102) 
where subscript i denotes the ith mission segment. The limit gust load quantity |y*| can be calculated with this 
formula upon setting M(y*) = 2×10–5 exceedances per hour.
 The previously mentioned limit load criteria were derived for commercial aircraft which are normally 
designed for 50,000-hr lifetimes. Therefore, to apply these criteria to horizontally flying aerospace vehicles which 
will have relatively short lifetimes would be too conservative. However, it is possible to modify these criteria so 
that they will reflect a shorter vehicle lifetime. The probability factor, Fp, that a load will be exceeded in a given 
number of flight hours, T, is
  F ep TM= − −1 . (2.103) 
If it is assumed that the limit load criterion M = 2×10–5 exceedances per hour is associated with an aircraft with 
a lifetime T equal to 50,000 hr, this means that Fp = 0.63; i.e., there is a 63-percent chance that an aircraft design 
for a 50,000-hr operating lifetime will exceed its limit load capability at least once during its operating lifetime. 
This high failure probability, based on limit loads, is not excessive in view of the fact that an aircraft will receive 
many inspections on a routine basis during its operating lifetime. In addition, after safety factors are applied to the 
design limit loads, the ultimate load exceedance rate will be on the order of 10–8 exceedances per hour. Substitu-
tion of this load exceedance rate into equation (2.103) for T = 50,000 hr yields a failure probability, on an ultimate 
load basis, of Fp = 0.0005. This means that there will be only a 0.05-percent chance that an aircraft will exceed its 
ultimate load capability during its operating lifetime of 50,000 hr. Thus, a failure probability of Fp = 0.63 in the 
limit load basis is reasonable for design. If we assume that Fp = 0.63 is the limit load design failure probability 
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so that equation (2.103) can be used to calculate design values of M associated with a specified vehicle lifetime. 
Thus, for example, if we expect a vehicle to fly only 100 hr, then according to equation (2.103), we have M = 10–2 
exceedances per hour. Similarly, if we expect a vehicle to be exposed to the atmosphere for 1,000 hr of flight, then 
M = 10–3 exceedances per hour.
 The corresponding design envelope criterion can be obtained by dividing the preceding calculated  
values of M by an appropriate value of N0. In the case of the 50,000-hr criterion, we have M/N0 = 6×10–9  
and M = 2×10–5 exceedances per hour, so that an estimate of N0 for purposes of obtaining a design criterion  
is N0 = 0.333×104 hr–1. Thus, upon solving equation (2.90) for M and dividing by N0 = 0.333×104 hr–1,  
the design envelope criterion takes the form
  MN T0
43 10= ×
−
,  (2.104) 
where Fp = 0.63. Thus, for a 100-hr aircraft, the design envelope criterion is M/N0 = 3×10–6 and for a 1,000-hr 
aircraft, M/N0 = 3×10–7. The M/N0 criteria, equation (2.104), was developed from an FAA report that related  
rationalized power spectra design methods to discrete gust methods to develop a design criteria using power spec-
tral methods. The resulting M/N0 from the FAA study for 50,000 hr flight lifetime was used to obtain a value of 
N0. It was assumed that the ratio M/N0 is independent of true airspeed. The integral equation (2.99) is divergent. 
MIL–HDBK–1797, “Flying Qualities of Piloted Aircraft,” (ref. 2-73) provided additional information related  
to this subject.
2.3.13  Turbulence Model for Flight Simulation
The lateral and vertical components of turbulence are perpendicular to the relative mean wind vector and 
act in the lateral and vertical directions relative to the vehicle flight path. For simulating turbulence in either an 
analog or digital fashion, the turbulence realizations are to be generated by passing a white-noise process through 
a passive filter. The model of turbulence as given in section 2.3.12 is not particularly suited for the simulation of 
turbulence with white noise because the von Karman spectra given by equations (2.89) and (2.92) are irrational. 
Thus, for engineering purposes, the Dryden spectra may be used for simulating continuous random turbulence. 
They are given by
  Longitudinal:Φ Ω
Ωu
L




1  (2.105) 
and














 Since these spectra are rational, a passive filter may be generated. It should be noted that the Dryden spec-
tra are somewhat similar to the von Karman spectra. As ΩL→0, the Dryden spectra asymptotically approach the 
von Karman spectra. As ΩL→∞ the Dryden spectra behave like (ΩL)–2, while the von Karman spectra behave 
like (ΩL)–5/3. Thus, the Dryden spectra depart from the von Karman spectra by a factor proportional to (ΩL)–1/3 
as ΩL→∞, so that at sufficiently large values of ΩL, the Dryden spectra will fall below the von Karman spectra. 
However, this deficiency in spectral energy of the Dryden spectra with respect to the von Karman spectra is not 
serious from an engineering point of view. If the capability to use the von Karman spectra is already available,  
the user should use it in flight simulation rather than the Dryden spectra.
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 The spectra as given by equations (2.105) and (2.106) can be transformed from the wave number (Ω) 
















































The quantity V is the magnitude of the mean wind vector relative to the aerospace vehicle, u–e. The quantities 
u and e denote the velocity vectors of the mean flow of the atmosphere and the aerospace vehicle relative to the 
Earth. In the region above the 300-m (≈1,000-ft) level, the longitudinal component of turbulence is defined to be 
the component of turbulence parallel to the mean wind vector relative to the aerospace vehicle (u–e). 
Details on simulations should be requested from the Natural Environments Branch, NASA Marshall 
Space Flight Center, Marshall Space Flight Center, AL 35812.
 2.3.13.1 Transfer Functions.  Atmospheric turbulence can be simulated by passing white noise through 
filters with the following frequency response functions:







2  (2.109) 
and



















  a VL= , (2.111) 
and




To generate the three components of turbulence, three distinct uncorrelated Gaussian white-noise sources should 
be used.
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 To define the rate of change of gust velocities about the pitch, yaw, and roll axes for simulation purposes, 
a procedure consistent with the preceding formulation can be found in section 3.7.5 of reference 2-74, “Applica-
tion of Turbulence Models and Analyses.” This should be checked for applicability.
 2.3.13.2  Boundary Layer Turbulence Simulation.  The turbulence in the atmospheric boundary layer, 
defined here for engineering purposes to be approximately the first 300 m (1,000 ft) of the atmosphere, is inher-
ently anisotropic. To simulate this turbulence as realistically as possible, the differences between the various 
scales and intensities of turbulence should be taken into account. There are various problems associated with 
developing an engineering model of turbulence for simulation purposes. 
The most important problem concerns how one should combine the landing or takeoff steady-state wind 
and turbulence conditions near the ground; e.g., 18.3-m (60-ft) level, with the steady-state wind and turbulence 
conditions at approximately the 300-m level. The wind conditions near the ground are controlled by local condi-
tions and are usually derived from consideration of the risks associated with exceeding the design takeoff or land-
ing wind condition during any particular mission. The turbulence environments at and above the 300-m level  
are controlled by relatively large-scale conditions rather than local landing or takeoff wind conditions, and these 
turbulence environments are usually derived from a consideration of the risks associated with exceeding the 
design turbulence environment during the total life or total exposure time of the vehicle to the natural environ-
ment. The use of the risk associated with exceeding the design turbulence environment during the total life of the 
vehicle is justified on the basis that, if the landing conditions are not acceptable, the pilot has the option to land  
at an alternate airfield, thus, avoiding the adverse landing wind conditions at the primary landing site. Similarly,  
in the takeoff problem, the pilot can wait until the adverse low-level wind and turbulence conditions have sub-
sided before taking off. The use of the risk associated with exceeding the design turbulence environment during 
the total life of the vehicle above the atmospheric boundary layer to develop design turbulence environments for 
vehicle design studies is justified because the pilot does not have the option of avoiding adverse flight turbulence 
conditions directly ahead of the vehicle. In addition, the art of forecasting in-flight turbulence has not progressed 
to the point where a flight plan can be established that avoids in-flight turbulence with a reasonably small risk  
so that design environments can be established on a per flight basis rather than on a total lifetime basis.
 How does one then establish a set of values for L and σ for each component of turbulence which merges 
together these two distinctly different philosophies? It is recommended that design values for each component of 
turbulence be established at the 18.3- and 304.8-m levels based on the previously stated philosophies. Once these 
values of σ and L are established, the corresponding values between 18.3- and 304.8-m levels can be obtained 
with the following interpolation formulas:
  σ σ( ) ..H
H p= 





L H L H
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18 3 18 3  (2.114) 
where σ(H) and L(H) are the values of σ and L at height H above natural grade, σ18.3 and L18.3 are the values  
of σ and L at the 18.3-m level, and p and q are constants selected such that the appropriate values of σ and L occur 
at the 304.8-m level. Representative values of L18.3 for the Dryden spectrum are given by
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  L L Lu v w18 3 18 3 18 331 5 18 4 10. . .. ; . ; ,= = =m m m  (2.115) 
where subscripts u, v, and w denote the longitudinal, lateral, and vertical components of turbulence, respectively.  
The corresponding design values of σ18.3 are given by
  σu u18 3 02 5. *. ,=  (2.116) 
  σ v u18 3 01 91. *. ,=  (2.117) 
and
  σ w u18 3 01 41. *. ,=  (2.118) 
where u*0 is the surface friction velocity which is given by














The quantity u18 3.  is the mean wind or steady-state wind at the 18.3-m level, z0 is the surface roughness length 
(sec. 2.2.6.2), and SI units are understood. The quantity u18 3.  is related to the 18.3-m-level peak wind speed u18.3 
(sec. 2.2.4) through the equation





,=  (2.120) 
where G18.3 is the 18.3-m-level gust factor (sec. 2.2.7.1) associated with a 1-hr average wind. This gust factor  
is a function of the 18.3-m-level peak wind speed so that, upon specifying u18.3 and the surface roughness length, 
the quantity u*0 is defined by equation (2.119).
 The values of L and σ must satisfy the Dryden isotropy conditions demanded by the equation of mass 
continuity for incompressible flow. These isotropy conditions are given by







= =  (2.121) 
and must be satisfied at all altitudes. The length scales given by equation (2.115) and the standard deviations  
of turbulence given by equations (2.116)–(2.118) were selected so that they satisfy the isotropy condition given  
by equation (2.121); i.e.,



















.= =  (2.122) 
At the 304.8-m level, equation (2.121) is automatically satisfied because σu = σv = σw and Lu = Lv = Lw.
 To calculate the value of σ304.8 appropriate for performing a simulation, the following procedure is used 
to calculate the design instantaneous gust from which the design value of σ304.8 shall be obtained. The procedure 
consists of specifying the vehicle lifetime T; calculating the limit load design value of M/N0 with equations (2.89) 
2-111
to (2.93); and then calculating the limit load instantaneous gust velocity, w*, say, with equation (2.101) for A = 1  
with the values of P1, P2, b1, and b2 associated with the zero to 304.8-m height interval for climb, cruise, and 
descent in table 2-67. The instantaneous gust velocity w* should be associated with the 99.98-percent value of 
gust velocity for a given realization of turbulence. In addition, the turbulence shall be assumed to be Gaussian  
so that the value of σ304.8 and the values of σ at the 18.3-m level (eqs. (2.116)–(2.118)) shall be used to determine 
the values of p for each component of turbulence with equation (2.113); i.e.,









σ  (2.123) 
The integral scale of turbulence at the 304.8-m level appropriate for simulating of turbulence with the Dryden 
turbulence model is L304.8 = 190 m. This scale of turbulence and the 18.3-m-level scales of turbulence given  
by equation (2.115) yield the following values of q appropriate for the simulation of turbulence with the Dryden 
turbulence model in the atmospheric boundary layer:
  qu = 0.64 ;  qv = 0.83 ;  qw = 1.05  . (2.124) 
The vertical distributions of σ and L given by equations (2.113) and (2.114) satisfy the isotropy condition given 
by equation (2.108).
 Below the 18.3-m level, σ and L shall take on constant values equal to corresponding 18.3-m-level values.
 The steady-state wind profile to be used with this model shall be obtained by the procedure given  
in section 2.3.9.3 for merging ground wind and in-flight wind profile envelopes.
 To determine the steady-state wind direction, θ(z) at any level H between the surface and the 1,000-m 
level, use the following formula:
  θ θ( ) ,,
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, ,,H
















2 1 0001 000
1 000
1 000 ∆  (2.125)
where θ1,000 is the selected 1,000-m-level wind direction and H is altitude above the surface of the Earth  
in meters. The quantity ∆ is the angle between the wind vectors at the 10- and 1,000-m levels. 
This quantity for engineering purposes is distributed according to a Gaussian distribution with mean value 
and standard deviation given by
  ∆ = ≤31 41 000˚, ,,u m/s





41 000 1 000
1. , ,, ,ln
u u
  σ ∆ = ≤ −64 41 000 1  , ,,u
and
  σ ∆ = >− ( )−63 40 0531 1 0001 000 4e uu. ,, , ,m/s  (2.126)
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where u1 000,  is the 1,000-m level steady-state wind speed. To avoid unrealistic wind direction changes, ∆, 
between the surface and the 1,000-m level, only those values of ∆ that occur in the interval –180º ≤ 0 ≤ 180º 
should be used. It is recommended that ±1-percent risk wind direction changes be used for vehicle design studies. 
 To apply this model, the longitudinal component of turbulence shall be assigned to be that component of 
turbulence parallel to the horizontal component of the relative wind vector. The lateral component of turbulence 
is perpendicular to the longitudinal component and lies in the horizontal plane. The vertical component of turbu-
lence is orthogonal to the horizontal plane.
 The following procedure shall be used to calculate profiles of σ and L in the first 304.8 m of the atmo-
sphere for simulation of turbulence with the Dryden turbulence model:
 (1)  Specify the peak wind speed at the 18.3-m level consistent with the accepted risk of exceeding  
the design 18.3-m-level peak wind speed.
 (2)  Calculate the steady-state wind speed at the 18.3-m level with equation (2.120).
 (3)  Calculate the surface friction velocity with equation (2.119).
 (4)  Calculate the 18.3-m-level standard deviations of turbulence with equations (2.116) through (2.118).
 (5)  Calculate the 304.8-m-level standard deviation of turbulence consistent with the accepted risks of 
encountering the design instantaneous gust during the total exposure of the vehicle to the natural environments 
(remembering σu = σv = σw at the 304.8-m level).
 (6)  Calculate pu, pv, and pw with equation (2.123).
 (7)  Calculate the distribution of σ and L with equations (2.123) and (2.124) for the altitudes  
at and between the 18.3- and 304.8-m levels.
 (8)  Below the 18.3-m level, σ and L shall take on constant values equal to the 18.3-m-level values  
of σ and L.
 The reader should consult reference 2-73 for a detailed discussion concerning the philosophy and problem 
associated with the simulation of turbulence for engineering purposes.
 2.3.13.3  Turbulence Simulation in the Free Atmosphere (Above 304.8 m).  To simulate turbulence  
in the free atmosphere (above 304.8 m or 1,000 ft), it is recommended that equations (2.101) and (2.104) and the 
supporting data in table 2-67 be used to specify the appropriate values of σ. The turbulence at these altitudes can 
be considered isotropic for engineering purposes so that the integral scales and intensities of turbulence are inde-
pendent of direction. Past studies have shown that when the Dryden turbulence model is being used, the scales of 
turbulence L = 533.4 m in the 304.8- to 672-m-altitude band and L = 762 m above the 672-m level in table 2-67 
should be replaced with the values L = 300 m and L = 533 m, respectively (ref. 2-73). This reduction in scales 
tends to bring the Dryden spectra in line with the von Karman spectra over the band of wave numbers of the tur-
bulence which are of primary importance in the design of aerospace vehicles. Accordingly, it is recommended that 
these reduced scales be used in the simulation of turbulence above the 304.8-m level when the Dryden model is 
being used.
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 To calculate the values of σ above the 304.8-m level appropriate for performing a simulation of turbu-
lence, it is recommended that the procedure used to calculate the 304.8-m level of σ be used. The appropriate  
values of P1, P2, b1, and b2 for the various altitude bands above the 304.8-m level are given in table 2-67.
 Section 2.3.13.5.1 and table 2-71 give recently updated values of σ, scale length, and probability for light, 
moderate, and severe turbulence, from 1- to 200-km altitude (ref. 2-75 and 2-76).
 2.3.13.4  Design Floor on Gust Environments.  If the design lifetime, T, is sufficiently small, it is pos-
sible that the turbulence models described herein for horizontally and nearly horizontally flying vehicles will 
result in a vehicle design gust environment which is characterized by discrete gusts with amplitudes <9 m/s for 
dm/L > 10 in figure 2-38 above the 1-km level. This is especially true for altitudes above the 18-km level. In view 
of the widespread acceptance of the 9 m/s gust as a minimum gust amplitude for design studies in the aerospace 
community and in view of the increased uncertainty in gust data as altitude increases, it is recommended that a 
floor be established on gust environments for altitudes above the 1-km level so that the least permissible values  


















Figure 2-38.  Nondimensional discrete gust magnitude, Vm /σ, as a function 
 of nondimensional gust half-width.
 2.3.13.5  Multimission Turbulence Simulation.  The effects of atmospheric turbulence in both hori-
zontal and near-horizontal flight, during reentry, or atmospheric flight of aerospace vehicles, are important for 
determining design, control, and “pilot-in-the-loop” effects. A nonrecursive model (based on realistic von Karman 
spectra) is described. Aerospace vehicles will respond not only to turbulent gusts but also to spatial gradients of 
instantaneous gusts (roll, pitch, and yaw). The model described (ref. 2-77) simulates the vertical and horizontal 
instantaneous gusts, and three of the nine instantaneous gust gradients, as shown in table 2-69.
 Simulation of turbulence is achieved by passing a white noise process through a filter whose transfer 
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 *X1, X2, X3 are aircraft fixed coordinates with X1 
   along the flight path, X2 the lateral direction, 
   and X3 vertically upward.
and
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,  (2.128) 
where
 a  = von Karman constant (1.339)
 σ 2  = variance of turbulence
 K = magnitude of wave number vector
 Ki  = ith component of wave number
 L  = length scale of turbulence
 Φii = three-dimensional gust spectrum
 Φii/jj = three-dimensional gust gradient spectrum.
 Simulating turbulence with a von Karman spectrum is not a simple process, and generating von Karman 
turbulence fast enough for real-time simulations is difficult. One procedure for real-time simulations involves  
generating a large number of data sets for each new mission profile. An alternate approach was suggested by 
Fichtl (ref. 2-78). In this approach, the turbulent spectra are represented in nondimensional form using L, the  
standard deviation of turbulence, and vehicle true air speed. One set of nondimensional turbulence is generated 
based on the von Karman spectrum. These databases can be Fourier analyzed to assure that the spectra conform 
to von Karman’s model. To run any mission profile, an efficient real-time routine reads the tapes and transforms 
them to dimensional format, giving the desired output. 
 The conversion to dimensional values is accomplished as follows:
  u Ui i i* ,= σ  (2.129) 
where
 ui* = dimensional gust

















* ,=  (2.130)
where
∂ ∂u xi j* */   = dimensional gust gradient
Lj  = jth length scale of turbulence;
  ∆ t aL TV* ,=
1  (2.131) 
where
 ∆t* = dimensional time step
 T = dimensionless time step. 
 Note that ∆t* is not a constant because L1 and V vary with altitude. To obtain dimensional time, tN*,  
a summation process is involved:









 For digital simulations, turbulence generated with uneven time steps is undesirable. A simple interpola-
tion routine is used to obtain values of turbulence at equal time steps. Specific values of σi must be determined for 
specific applications. Sections 2.3.13.2 through 2.3.13.4 prescribe the techniques for specifying the standard devi-
ation. Values of the turbulent length scales and standard deviations are given in table 2-70 up to 1-km altitudes. 
Table 2-71 specifies light, moderate, and severe turbulence sigmas, length scales, and probabilities versus altitude 
from 1 to 200 km. Section 2.3.13.5.1 discusses these newer, updated values.
 2.3.13.5.1  New Turbulence Statistics/Model.  At altitude levels >1,000 m, new turbulence velocity com-
ponent magnitudes (σu and σw), scale lengths (Lx and Lz), and their associated probabilities for light, moderate, 
and severe turbulence have been assembled and modeled (ref. 2-76). These results are presented in table 2-71. 
This turbulence modeling update was done to provide the Space Shuttle reentry engineering simulation area with 
a more realistic/less conservative turbulence model when involved with control system fuel expenditures upon 
reentry/landing.
2.3.14  Discrete Gust Model—Horizontally Flying Vehicles
Often it is useful for the engineer to use discrete gusts in load and flight control system calculations  
of horizontally flying vehicles. The discrete gust is defined as follows:
  V xd = <0 0,








≤ ≤2 1 0 2cos ,
π
  V x dd m= >0 2, ,  (2.133)
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Table 2-70.  Variation of standard deviation and length scale of turbulence with height 
 within the boundary layer.
 10 32.8 2.31 1.67 1.15   21   11    5
 20 65.6 2.58 1.98 1.46   33   19   11
 30 98.4 2.75 2.20 1.71   43   28   17
 40 131.2 2.88 2.36 1.89   52   35   23
 50 164.0 2.98 2.49 2.05   61   42   29
 60 196.9 3.07 2.61 2.19   68   49   35
 70 229.7 3.15 2.71 2.32   75   56   41
 80 262.5 3.22 2.81 2.43   82   63   47
 90 295.3 3.28 2.89 2.54   89   69   53
 100 328.1 3.33 2.97 2.64   95   75   59
 200 656.2 3.72 3.53 3.38 149 134 123
 304.8 1,000.0 3.95/4.37* 3.95/4.37* 3.95/4.39* 196/300* 190/300* 192/300*
 400 1,312.3 4.39 4.39 4.39 300 300 300
 500 1,640.4 4.39 4.39 4.39 300 300 300
 600 1,968.5 4.39 4.39 4.39 300 300 300
 700 2,296.6 4.39 4.39 4.39 300 300 300
 762 2,500.0 4.39/5.70* 4.39/5.70* 4.39/5.70* 300/533* 300/533* 300/533*
 800 2,624.7 5.70 5.70 5.70 533 533 533
 900 2,952.8 5.70 5.70 5.70 533 533 533
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Vm = maximum velocity of the gust which occurs at position x = dm in the gust.
 To apply the model, the engineer specifies several values of the gust half-width, dm, to cover the range of 
frequencies of the system to be analyzed. To calculate the gust parameter, Vm, one enters figure 2-38 with dm/L 
and reads out Vm /σ. Figure 2-38 is based on the Dryden spectrum of turbulence. Accordingly, the procedures out-
lined in sections 2.3.13.2 and 2.3.13.3 can be used for specifying the σ’s and L’s to determine the gust magnitude 
Vm from figure 2-38. In the boundary layer, three values of Vm will occur at each altitude, one for each component 
of turbulence. In the free atmosphere, the lateral and vertical values of Vm are equal at each altitude. In general, 
both the continuous random gust model (secs. 2.3.12 and 2.3.13) and the discrete gust models are often used to 
calculate vehicle responses, with the procedure producing the larger response being used for design.
2.3.15  Flight Regimes for Use of Horizontal and Vertical Turbulence Models (Spectra and Discrete Gusts)
Sections 2.3.6, 2.3.12, and 2.3.14 contain turbulence (spectra and discrete gusts) models for response  

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The turbulence model for the horizontally flying vehicles was derived from wind profile measurements 
made with vertically ascending Jimsphere balloons and smoke trails. In many instances, aerospace vehicles nei-
ther fly in a pure horizontal flight mode nor ascend or descend in a strictly vertical flight path. At this time, there 
does not appear to be a consistent way of combining the turbulence models for horizontal and vertical flight paths 
without being unduly complicated or overly conservative. Also, the unavailability of a sufficiently large data sam-
ple of turbulence measurements in three dimensions precludes the development of such a combined model.
 Accordingly, in lieu of the availability of a combined turbulence model and for the sake of engineering 
simplicity, the turbulence model in section 2.3.6 should be applied to ascending and descending aerospace  
vehicles when the angle between the flight path and the local vertical is ≤30º. Similarly, the turbulence model  
in sections 2.3.12 and 2.3.14 should be applied to aerospace vehicles when the angle between the flight path  
and the local horizontal is ≤30º. In the remaining flight path region, between 30º from the local vertical and 30º 
from the local horizontal, both turbulence models should be independently applied and the most adverse responses 
used in the design.
2.4  Historical In-Flight Wind Profile Information
The material on the synthetic wind  profile environment definitions and requirements for use in aero-
space vehicle design and development studies presented in earlier versions of this document are still applicable as 
information for use in preliminary design analyses. In addition, they provide useful general information on wind 
characteristics. Therefore, this section has been included in the document to provide a frame of reference on this 
historical material. Additional historical design wind information may be found in reference 2-1. 
 Included is information on the following items from the earlier versions of this document:  (1) Ascent 
flight wind change, (2) scalar wind speed envelopes, (3) classical discrete gust, and (4) classical construction  
of synthetic wind profile.
 The 95th percentile in-flight synthetic ascent wind profile design requirement philosophy was to ensure, 
for the worst wind condition month, that the vehicle would encounter a maximum of 5-percent launch delay risk. 
In addition, that if the vehicle was launched in the 95th percentile design in-flight synthetic wind profile winds, 
the associated 99-percent wind shear/gust design requirement was to ensure a maximum of 1-percent risk in com-
promising the structural loads and control system design (excluding the defined vehicle’s design safety factor). 
For spacecraft descent from orbit, the 99th percentile in-flight synthetic wind profile, and associated 99th percen-
tile shear/gust design requirement philosophy, was used to ensure, for the worst wind condition month, that the 
vehicle would encounter a maximum of 1-percent risk of exceeding the in-flight winds. This increase to 99 per-
cent for in-flight winds design requirement was to accommodate the inability to monitor weather and thus delay 
the spacecraft descent subsequent to deorbit decision, the objective being to ensure a launch vehicle that would 
safely meet the required operational requirements for the intended mission(s) of the program.
2.4.1  Ascent Flight Wind Changes
Figures 2-39 and 2-40 contain idealized 99-percent direction and speed changes as a function of elapsed 
time and observed or referenced wind speed for altitudes between 150 m and 2 km for KSC. The wind speed  
may increase or decrease from the reference profile value; thus, envelopes of each category are presented  
in figure 2-40. Figures 2-41 and 2-42 are the idealized 99-percent wind direction and speed changes as a function 
of elapsed time and observed or reference wind speed for altitudes between 2 and 16 km. 
The data in figures 2-39 through 2-42 are applicable only to the KSC launch area because differences are 
known to exist in the data for other geographical locations. Conclusions should not be drawn relative to frequency 
content and phase relationships of the wind profile since the data given herein provide only envelope conditions 
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for ranges of speed and direction changes. Direction correlations have not been developed between the changes  
of wind direction and wind speed. 
Additional information concerning wind speed and direction changes can be found in reports by Camp 
and Susko (ref. 2-79) and Camp and Fox (ref. 2-80). 
2.4.2  Design Wind Speed Envelopes
The wind data given in section 2.4.2.1 are not expected to be exceeded by the given percentages of 
time (time as related to the observational interval of the data sample) based upon the strongest winds (windiest) 
monthly reference period. To obtain the profiles, monthly frequency distributions are combined for each percentile 
level to give the envelope over all months. The profiles represent horizontal wind flow referenced to the Earth’s 
surface. Vertical wind flow is negligible except for that associated with gusts or turbulence. The scalar wind speed 
envelopes are normally applied without regard to flight directions. Directional wind criteria for use with the syn-
thetic wind profile techniques should be applied with care and only with specific knowledge of the vehicle mis-
sion and flight path since severe launch wind constraints could result for other flight paths and missions. 
2.4.2.1  Scalar Wind Speed Envelopes.  Scalar wind speed profile envelopes are presented in tables 2-72 
through 2-76. These are idealized steady-state scalar wind speed profiles for four active or potential operational 
aerospace vehicle launch or landing sites; i.e., KSC, VAFB, WSMR, and EAFB. Table 2-76 provides data which 
envelopes the 95- and 99-percentile steady-state scalar wind speed profile for the same four locations.  They are 
applicable when initial design or operational capability has not been restricted to specific launch and landing sites 
or may involve several geographical locations. However, if the specific geographical location for application has 








































Figure 2-39.  Idealized 99-percent wind direction change as a function of time and wind speed 















































Figure 2-40.  Idealized 99-percent wind speed change as a function of time and wind speed 
 in the 150-m to 2-km altitude region of KSC.
These tables provide nondirectional wind data for various percentiles; therefore, the specific percentile 
wind speed envelope applicable to design should be specified in the appropriate space vehicle specification docu-
mentation. For engineering convenience, the design wind speed profile envelopes are given as linear segments 







































Figure 2-41.  Idealized 99-percent wind direction change as a function of time and wind speed 
 in the 2- to 16-km region of KSC.
2.4.3  Classical Empirical Wind Shear Model
This is the classical wind speed shear model that has been used with minor modifications for aerospace 
vehicle design since the early 1960s. It is based on empirical conditional percentile values for wind speed shear 
for given values of the wind speed. Here, wind speed shear is by definition the difference in wind speed between 
two altitudes divided by the altitude interval. If the altitude interval is specified, then the wind speed change 
between the two altitudes can be called wind shear for the specified shear interval. Refer to section 2.4.3.1. 
Historically, two-way empirical frequency distributions for wind speed change for various shear intervals 
versus wind speed were established by monthly reference periods using rawinsonde databases for the 99th con-
ditional speed change (or wind speed shear for the specified shear intervals) for given wind speed values. These 
were established and then enveloped over all months to give a worst-case condition. With the availability of Jim-
sphere wind profile databases, refinements were made for shear intervals <1,000 m. The results are given  
in tables 2-77 to 2-86 as wind buildup and back-off wind speed change versus scales of distance (shear interval) 
and further discussed in section 2.4.3.1. When applied to the synthetic scalar wind profile model for aerospace 
vehicle design, the term wind buildup refers to the change in wind speed up to the reference altitude of the given 
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Figure 2-42.  Idealized 99-percent wind speed change as a function of time and wind speed 
 in the 2- to 16-km region of KSC.
In statistical terms, tables 2-77 to 2-86 give the 99th conditional wind speed shear for various shear intervals for 
given wind speed values that envelop all months for each respective site. 
 2.4.3.1  Buildup/Back-Off Wind Speed Change Envelopes.  This section provides representative infor-
mation on wind speed change (shear) for scales of distance ∆H ≤ 5,000 m. Wind speed change is defined as the 
total magnitude (speed) change between the wind vector at the top and bottom of a specified layer, regardless of 
wind direction. Wind shear is defined as the wind speed change divided by the altitude interval. When applied to 
aerospace vehicle synthetic profile criteria, it is frequently referred to as a wind buildup or back-off rate, depend-
ing upon whether it occurs below (buildup) or above (back-off) the reference height of concern. Thus, a buildup 
wind value is the change in wind speed that a vehicle may experience while ascending vertically through a speci-
fied layer to the known altitude. 
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Table 2-72.  Scale wind speed W (m/s) steady-state envelopes as functions of altitude H (km) 
 for various probabilities P (%) for KSC.
Altitude Percentile




























































































Table 2-73.  Scale wind speed W (m/s) steady-state envelopes as functions of altitude H (km) 
 for various probabilities P (%) for VAFB.
Altitude Percentile





























































































Table 2-74.  Scale wind speed W (m/s) steady-state envelopes as functions of altitude H (km) 
 for various probabilities P (%) for WSMR.
P = 50 P = 75 P = 90 P = 95 P = 99





















































































































Table 2-75.  Scale wind speed W (m/s) steady-state envelopes as functions of altitude H (km) 
 for various probabilities P (%) for EAFB.
P = 50 P = 75 P = 90 P = 95 P = 99




























































































































Table 2-76.  Scale wind speed W (m/s) steady-state envelopes as functions of altitude H (km) 
 for various probabilities P (%) for all four locations.
P = 95 P = 99































































Table 2-77.  Buildup envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, KSC.





























































































Table 2-78.  Back-off envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, KSC.






























































































Table 2-79.  Buildup envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, VAFB.





























































































Table 2-80.  Back-off envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, VAFB.





























































































Table 2-81.  Buildup envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, WSMR.






























































































Table 2-82.  Back-off envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, WSMR.





























































































Table 2-83.  Buildup envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, EAFB.





























































































Table 2-84.  Back-off envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region, EAFB.






























































































Table 2-85.  Buildup envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region for all four locations.
Table 2-86.  Back-off envelopes of 99-percentile wind speed change (m/s), 1- to 80-km reference 
 altitude region for all four locations.
 Wind Speed at 
       Reference Altitude
 (m/s) 5,000 4,000 3,000 2,000 1,000 800 600 400 200 100
  ≥ 90 71.0 67.0 61.2 52.4 42.0 36.0 29.4 22.1 13.6 8.4
 = 80 66.5 63.0 57.7 50.0 40.2 34.5 28.1 21.2 13.0 8.0
 = 70 61.2 58.5 53.8 48.1 38.0 32.6 26.6 20.0 12.3 7.6
 = 60 54.4 52.5 50.0 44.2 35.5 30.5 24.9 18.7 11.5 7.1
 = 50 46.5 45.0 43.7 40.0 33.0 28.3 23.2 17.4 10.7 6.6
 = 40 38.9 38.7 37.2 34.9 27.6 23.7 19.3 14.9 8.9 5.5
 = 30 30.0 29.4 28.3 25.4 20.8 17.8 14.8 11.5 7.1 4.2





   
  5,000 4,000 3,000 2,000 1,000 800 600 400 200 100
  ≥ 90 77.5 74.4 68.0 59.3 42.8 36.7 30.2 22.5 13.9 8.5
 = 80 71.0 68.0 63.8 56.0 40.8 35.0 28.6 21.5 13.2 8.1
 = 70 63.5 61.0 57.9 52.0 38.8 33.2 27.0 20.4 12.5 7.7
 = 60 57.1 54.7 52.3 47.4 36.0 31.0 25.3 19.0 11.7 7.2
 = 50 49.6 47.8 46.2 43.8 33.0 28.3 23.2 17.5 10.7 6.6
 = 40 39.4 38.8 37.9 35.5 29.5 25.3 20.6 15.5   9.6 5.9
 = 30 30.0 30.0 29.4 26.9 22.6 19.4 15.8 12.2   7.3 4.6





Wind Speed at 
Reference Altitude
(m/s)
Back-off magnitudes describe the speed change which may be experienced above the chosen level. Both 
buildup and back-off wind speed change data are presented in this section as a function of reference-level wind 
vector magnitude and geographical location. Wind buildup or back-off may be determined for a vehicle with other 
than a vertical flight path by multiplying the wind speed change by the cosine of the angle between the vertical 
axis and the vertical trajectory. Wind shears for scales of distance ∆H ≥ 1,000-m thickness are computed from 
rawinsonde and rocketsonde observations, while the small-scale shears associated with scales of distance ∆H  
≤ 1,000 m are computed from a relationship developed by Fichtl (ref. 2-81) based on experimental results from 
FPS-16 radar/Jimsphere balloon wind sensor measurements of the detail wind profile structure. This relationship 
states that the back-off or buildup wind shear ∆u for ∆H < 1,000 m for a given risk of exceedance is related to the 
∆H = 1,000 m shear, (∆u)1,000, at the same risk of exceedance, through the expression
  ∆ ∆ ∆u u H= 





1 000  (2.134) 
where ∆H has the units of meters. Equation (2.134) was used to construct tables 2-77 to 2-86 for scales of distance 
≤1,000 m.
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 An envelope of the 99-percentile wind speed buildup is used currently in constructing synthetic wind 
profiles. For most design studies, the use of this 99-percent scalar buildup wind shear data is warranted. The enve-
lopes for back-off shears have application to certain design studies and should be considered where appropriate. 
These envelopes are not meant to imply perfect correlation between shears for the various scales of distance; how-
ever, certain correlations do exist, depending upon the scale of distance and the wind speed magnitude considered. 
This method of describing the wind shear for vehicle design has proven to be especially acceptable in preliminary 
design studies since the dynamic response of the structure or control system of a vehicle is essentially influenced 
by specific wavelengths as represented by a given wind shear. Construction of synthetic profiles for vehicle design 
applications is described in section 2.4.5.
 Wind speed change (shear) statistics for various locations differ primarily because of prevailing meteoro-
logical conditions, orographic features, and data sample size. Significant differences, especially from an engineer-
ing standpoint, are known to exist in the shear profiles for different locations. Therefore, consistent vehicle design 
shear data (99 percentile) representing four active or potentially operational space vehicle launch or landing sites 
are presented in tables 2-77 through 2-84; i.e., for KSC, VAFB, WSMR, and EAFB. Tables 2-85 and 2-86 enve-
lope the 99-percentile shears from these four locations. They are applicable when initial design or operational 
capability has not been restricted to a specific launch site or may involve several geographical locations. However, 
if the specific geographic location for application has been determined as being near one of the four referenced 
sites, then the relevant data should be applied. Tables 2-77 through 2-86 present wind speed (at any reference  
altitude between 1 and 80 km) versus any altitude interval (varying between 100 and 5,000 m), resulting in the  
99 percentile of wind speed change (in m/s) over that selected altitude interval.
 2.4.3.2  Wind Direction Change Envelopes.  This section provides representative information on wind 
direction change, ∆θ, for scales of distance ∆H ≤ 4 km. Wind direction change is defined as the total change in 
direction of wind vectors at the top and bottom of a specified layer. Wind direction changes can occur above or 
below a reference point in the atmosphere. As in the case of the wind speed changes in section 2.4.3.1, we will 
call changes below the reference level buildup wind changes and those above the reference level back-off wind 
direction changes. These changes can be significantly different. For example, if the reference point is at the 4-km 
level, the buildup changes between the 1- and 4-km levels will be distinctly different from the back-off changes 
between the 5- to 7-km levels. This results from the fact that variations of wind direction tend to be larger in the 
atmospheric boundary layer. In this light, the following model is recommended as an integrated wind direction 
change criterion for design studies. The model consists of the 8- to 16-km, 99-percent direction changes in fig- 
ure 2-43 and a set of functions R(∆H, Hr, ur) to transfer these changes to any reference level Hr above the 1-km 
level, where ur is the reference level wind speed.
The quantity R is defined such that multiplication of the 8- to 16-km wind direction changes by R(∆H, Hr, 
ur) will yield the changes in wind direction over a layer of thickness ∆H with top or bottom of the reference level 
located at height Hr above sea level and reference level wind speed equal to ur. The functions R(∆H, Hr, ur) for 
back-off and buildup wind direction changes are defined as follows:
Back-off:
 R = R* 1 ≤ Hr < 1.5 km
 R = 2(1–R*) (Hr –1.5) + R* 1.5 ≤ Hr < 2 km
 R = 1 2 km ≤ Hr . 
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Figure 2-43.  Idealized 99-percent wind direction change as a function of wind speed for varying 
 layers in the 8- to 16-km-altitude region of KSC.
Buildup:
 R = R* 0 < Hr ≤ 2 km
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where ∆H and Hr have units of kilometers and R is a nondimensional quantity. The quantity R* is a function  
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Figure 2-44.  The function R* versus ∆H for various categories of wind speed, ur , at the reference level.
 To apply these wind direction change data, one first constructs a synthetic wind profile (see sec. 2.4.5), 
wind profile envelopes, and wind speed envelopes, with or without gusts (see sec. 2.3.6), as the case may be.  
A reference point is selected at height Hr above sea level on this synthetic wind profile. One then turns the wind 
direction above or below this point according to the schedule of wind direction changes given by the preceding 
model. Thus, for example, if the 12-km reference point wind speed and direction are 20 m/s and 90º (east wind; 
i.e., a wind blowing from the east), then according to the wind direction change model discussed previously, the 
wind directions at 0.2, 0.6, 1, 2, 3, and 4 km below or above the 12-km reference point, as the case may be, are 
107º, 123º, 140º, 165º, 180º, and 190º for clockwise turning of the wind vector starting with the reference point 
wind vector at 12 km and looking toward the Earth. Counterclockwise turning is also permissible. The direction  
of rotation of the wind vector should be selected to produce the most adverse wind situation from a vehicle 
response point of view.
 In view of the unavailability of wind direction change statistics above the 16-km level, at this time,  
it is recommended that the preceding procedure be used for Hr > 16 km.
2.4.4  Classical Discrete Gust
Discrete gusts are specified in an attempt to represent, in a physically reasonable manner, characteristics 
of small-scale motions associated with vertical profiles of wind velocity. Gust structure usually is quite complex 
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and it is not always understood. For vehicle design studies, discrete gusts are usually idealized because of their 
complexity and to enhance their utilization. 
	 Well-defined,	sharp-edged,	and	repeated	sinusoidal	gusts	are	important	types	in	terms	of	their	influence	
on space vehicles. Quasi-square wave gusts with amplitudes of ≈9 m/s have been estimated as extreme gusts, 
and have been used in various NASA aerospace vehicle design studies. These gusts are frequently referred to as 
embedded jets or singularities in the vertical profile	wind	(see	fig.	2-34).	By	definition,	a	gust is a wind speed in 
excess	of	the	defined	steady-state	value;	therefore,	these	gusts are employed on top of the steady-state wind  
profile	values.
 If a design wind speed profile	envelope without a wind shear envelope is to be used in a design study, it 
is recommended that the associated discrete gust vary in length from 60 to 300 m. The leading and trailing edge 
should conform to a 1-cos buildup	of	30	m	and	corresponding	decay	also	over	30	m,	as	shown	in	figure	2-17.	 
The plateau region of the gust	can	vary	in	thickness	from	zero	to	240	m.	An	analytical	expression	for	the	value	 
of this gust	(ug)	of	height,	H, above natural grade is given by
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where Hb is the height of the base of the gust above natural grade, λ is the gust	thickness	(60	≤ λ ≤	300	m),	 
A is the gust amplitude, and meter-kilogram-second units are understood.
 The gust amplitude is a function of Hb, and for design purposes, the 1-percent risk gust amplitude  
is given by
  A = 6 m/s  ,   Hb < 300 m  ,
 
  A H Hb b= −( ) + ≤ ≤3700 300 6 300 1 000, ,m m ,
and
  A = 9 m/s  ,  1,000 m < Hb	.		 (2.136)	
 If a wind speed profile	envelope with a buildup wind shear envelope	(sec.	2.3.6)	is	to	be	used	in	a	design 
study, it is recommended that the previously mentioned discrete gust	be	modified	by	replacing	the	leading	edge	
1-cos shape with the following formula:








 ≤ ≤ +10 30 0 9 30 30
0 9.
. , .H m 	 (2.137)	
 The height of the gust base, Hb, corresponds to the point where the design wind speed profile	envelope 
intersects the design buildup shear envelope. If a discrete gust is to be used with a back-off wind shear envelope, 
then the 1-cos trailing edge shall be given by
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and the leading edge shall conform to a 1-cos shape. In this case, the height, Hb + λ, of the end of the gust cor-
responds to the point where the design wind speed profile envelope intersects the design back-off shear envelope. 
This modification of the 1-cos shape at the leading and trailing edges, as the case may be, results in a continuous 
merger of the shear envelope and the discrete gust and shear should be reduced to 0.85 of the original value to 
account for the nonperfect correlation between wind shears and gusts (sec. 2.3.9.2 gives details).
 2.4.4.1  Sinusoidal Gust.  Another form of discrete gust that has been observed is approximately sinu-
soidal in nature, where gusts occur in succession. Figure 2-45 illustrates the estimated number of consecutive 
approximately sinusoidal type gusts that may occur and their respective amplitudes for design purposes. It is 
extremely important when applying these gusts in vehicle studies to realize that these are pure, mathematical sinu-
soidal representations that are an oversimplification of what has been observed in nature. These gusts should be 
superimposed symmetrically upon the steady-state profile. The data presented here on sinusoidal gusts are, at best, 
initial representations and should be treated as such in design studies.
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Figure 2-45.  Best estimate of expected (≥99 percentile) gust amplitude and number 
 of cycles as a function of gust wavelenth.
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 2.4.4.2  An Undamped-Damped Sinusoidal Gust Model.  The sinusoidal gust profile model presented in 
this section is an extension of the gust presented in section 2.4.4.1. This model is recommended for idealized anal-
ysis to determine to what wind profile perturbations (wavelengths) and amplitudes a vehicle’s guidance and con-
trol systems and structures respond. The gust model is for wind components (u´ and v´). It is completely defined 
by a simple undamped-damped sine function in terms of gust length, L (2 × L = wavelength), and phase angle, φ, 
by








−[ ]u v a e HL
b H H
1
( ) sin ,θ π φ  (2.139) 
where
 H  = altitude (km)
 L  = gust length (km)
 φ  = phase angle in radians (–π/2 ≤ φ ≤ π/2)
 u´  = components (m/s)
 v´ = components (m/s)
 e = 0.0110 km–2 for (0 ≤ H ≤ 12) for all L’s
 b = –0.0025 km–2 for (12 < H ≤ 24) for all L’s
a1 = function of L for the altitude intervals given in table 2-87.














 Three gust lengths are given in this model. The gust amplitude depends on the gust length. For only three 
phase angles between the components, there are nine possible combinations for each of the three gust lengths. 
Figures 2-46 to 2-48 illustrate the u-component gust model for the three phases and the three gust lengths.  
It is recommended that the first engineering analysis be performed using the gust component in-phase and then 
out-of-phase for each of the three gust lengths added to the profiles of the monthly mean wind components  
as shown in figures 2-49 and 2-50 for a zero phase angle and a gust length, L, of 800 m.
 The gust profile model may also be applied to any other wind component percentile profile or the enve-
lope of the profile of wind vector ellipses. The most significant characteristic of this model is the number  
of idealized perturbations versus altitude. The amplitudes are in good agreement with the wind shear statistics  
for corresponding shear intervals and gust lengths. It is no more severe than that given by the previous sinusoidal 
gust model.
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Figure 2-46.  Undamped-damped sine gust 
 model: L = 400 m.
Figure 2-47.  Undamped-damped sine gust 
 model: L = 800 m
Figure 2-48.  Undamped-damped sine gust 
 model: L = 1,600 m.
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2.4.5  Classical Construction of Synthetic Wind Speed Profiles
Methods of constructing synthetic wind speed profiles are described herein. One method uses wind speed 
profile envelopes (sec. 2.4.2) and discrete gusts or spectra (sec. 2.3.6) without considering the correlation between 
the shears and gusts. Another method (sec. 2.4.5.2) takes into account the relationships between the wind shear 
and gust characteristics.
 2.4.5.1  Synthetic Wind Speed Profiles for Vertical Flight Path Considering Only Speeds 
and Shears.  In the method that follows, correlation between the wind speed profile envelope and wind shear 
envelope is considered. The method is illustrated with the 95-percentile nondirectional (scalar) wind speed profile 
and the 99-percentile scalar wind speed buildup for KSC (fig. 2-51) and is stated as follows:
 (1)  Start with a speed on the design wind speed profile envelope at a selected (reference) altitude.
 (2)  Subtract the amount of the shear (wind speed change) for each required altitude layer from the value 
of the wind speed profile envelope at the selected altitude. Figure 2-51 presents an example of a 99-percentile 
shear buildup envelope starting from a reference altitude of 11 km on the KSC 95-percentile wind speed profile 
envelope (table 2-87). The 10-km wind speed of 41.3 m/s is determined by subtracting 31.7 m/s; i.e., a linearly 
interpolated shear value for 73 m/s from the 1,000-m column of table 2-77, from 73 m/s.
 (3)  Plot values obtained for each altitude layer at the corresponding altitudes. (The value of 41.3 m/s, 
obtained in the example in (2), would be plotted at 10 km.) Continue plotting values until a 5,000-m layer  
is reached (5,000 m below the selected altitude).
Figure 2-50.  Mean meridional wind component
 combined with gust.
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Figure 2-49.  Mean zonal wind component 
 combined with gust.
L = 800 m,    = 0 Radians 
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 (4)  Draw a smooth curve through the plotted points starting at the selected altitude on the wind speed 
profile envelope. The lowest point is extended from the origin with a straight-line tangent to the plotted shear 
buildup curve. This curve then becomes the shear buildup envelope.
 2.4.5.2  Synthetic Wind Speed Profiles for Vertical Flight Path Considering Relationships Between 
Speeds, Shears, and Gusts.  In the construction of a synthetic wind speed profile, the lack of perfect correla-
tion between the wind shear and gust can be taken into account by multiplying the shears (wind speed changes) 
(sec. 2.4.3.1) and the recommended design discrete gusts (sec. 2.3.6) by a factor of 0.85 before constructing the 
synthetic wind profile. This is equivalent, as an engineering approximation, to taking the combined 99-percentile 
values for the gusts and shears in a perfectly correlated manner. This approach was used successfully in both  
the Apollo/Saturn and Space Shuttle vehicle development programs.
 Thus, to construct the synthetic wind speed profile (considering relationships between shears, speeds,  
and gusts, using the wind speed envelopes given in sec. 2.4.2), the following procedure is used:
 (1)  Construct the shear buildup envelope in the way described in section 2.4.5.1, except multiply  
the values of wind speed change used for each scale of distance by 0.85. (In the example for the selected altitude 
of 11 km, the point at 10 km will be found by using the wind speed change of 31.2 × 0.85, or 25.5 m/s.) This 
value subtracted from 73 m/s then gives a value of 46.5 m/s for the point plotted at 10 km instead of the value  
of 41.8 m/s used when shear and gust relationships were not considered.
 (2)  The discrete gust is superimposed on the buildup wind shear envelope/wind speed profile envelope 
by adding the gust given by equation (2.135) with leading edge in the region Hb ≤ H ≤ Hb + 30 m replaced with 
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Figure 2-51.  Example of synthetic wind speed profile construction without addition of gust.
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equation (2.137). The base of the discrete gust is located at the intersection of the buildup wind shear envelope 
and the wind speed profile envelope (fig. 2-52). The gust amplitude, A, shall be multiplied by a factor of 0.85  
to account for the nonperfect correlation between shears and gusts. Figure 2-53 gives an example of a synthetic 
profile with shears and gust in combination.
 (3)  When the gust ends at the design wind envelope, the synthetic wind profile may follow the design 
wind speed envelope or shear back-off profile. If the synthetic wind profile follows the design wind speed enve-
lope, then the trailing edge of the discrete gust will be a 1-cos shape as given by equation (2.135). If the synthetic 
wind profile follows the shear back-off profile, then the trailing edge of the discrete gust will be that given by 
equation (2.138). This modified gust shape will guarantee a continuous transition from the gust to the back-off 
shear envelope. Vehicle response through both the wind profile envelope with gusts and the synthetic wind profile 
with shears and gusts in combination should be examined.
 (4)  If a power spectrum representation (sec. 2.3.8) is used, then disregard all previous references  
to discrete gusts. Use the 0.85 factor on shears and apply the spectrum as given in section 2.3.8.2.
 Figures 2-52 and 2-53 show an example using the 95-percentile design wind speed profile envelope,  
the 99-percentile wind speed buildup envelope, and the modified 1-cos discrete gust shape.
 2.4.5.3  Synthetic Wind Profile Merged to the Ground Wind Profile.  Up to this point we have con- 
sidered only those wind shear envelopes that are linearly extrapolated to a zero wind condition at the ground.  
This procedure does not allow for the possibility of the vehicle entering a wind shear envelope/gust above the  
H = 1,000-m altitude in a perturbed state resulting from excitations of the control system by the ground wind  
profile and the associated ground wind shears and gusts. To allow for these possibilities, it is recommended that 
the wind shear envelopes which begin above the 3,000-m level be combined with the wind profile envelope  
and discrete gust as stated in section 2.4.2; however, a linear extrapolation shall be used to merge the wind defined 
by the shear envelope at the 3,000-m level with the 1,000-m wind on the wind profile envelope.
 The steady-state ground wind profile up to the 150-m level is defined by the peak wind profile  
(sec. 2.2.5.2) reduced to a steady-state wind profile by division with a 10-min average gust factor profile  
(sec. 2.2.7.1). To merge, this steady-state wind speed in the layer between 150 to 300 m shall take on a constant 
value equal to the steady-state wind at the 150-m level defined by the peak wind profile and gust factor profile 
between the surface of the Earth and the 150-m level. The flow between the 300-m level and 1,000-m level shall 
be obtained by linear interpolation. If the discontinuities in slope of the wind profile at the 150-, 300-, and 1,000-m  
levels resulting from this merging procedure introduce significant false vehicle responses, it is recommended that 
this interpolation procedure be replaced with a procedure involving a smooth, continuous function which closely 
approximates the piece-wise linear segment interpolation function between the 150- and 1,000-m levels with  
continuous values of wind speed and slope at the 150- and 1,000-m levels.
 2.4.5.4  Synthetic Wind Speed Profiles for Nonvertical Flight Path.  To apply the synthetic wind pro-
file for other than vertical flight, multiply the wind shear buildup and back-off values by the cosine of the angle 
between the vertical axis (Earth-fixed coordinate system) and the vehicle’s flight path. The gust (or turbulence 
spectra) is applied directly to the vehicle without respect to the flight path angle. The synthetic wind profile  
is otherwise developed according to procedures given in section 2.4.5.2.
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Figure 2-52.  Example of synthetic wind profile construction with relationship of wind shears and gusts assumed.
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Figure 2-53.  Relationship between revised gust shape, wind profile envelope, and speed buildup (shear) envelope.
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2.5  Cape Canaveral (KSC) Sea/Land Breeze Winds
 The sea breeze (SB) is a thermally driven, mesoscale circulation that develops normally in warm season 
coastal areas when the daytime land temperature becomes greater than the adjacent water temperature. The rela-
tively cool and moist SB forms after sunrise and moves shoreward when this temperature differential becomes 
greater than the forcing from the large-scale (L.S.) wind regime that exists. Weaker river breezes can also form. 
A land breeze (LB) is the opposite of the SB and blows out to sea during the night when the land becomes cooler 
than the adjacent ocean. Besides the thermal difference between land and water, the strength; i.e., magnitude and 
extent of the SB or LB, is very dependent on the existing, prevailing, L.S. wind that can either enhance or dimin-
ish the generation and movement of the SB. A temperature inversion aloft also tends to cap the vertical growth  
of the SB circulation cell, limiting its development. 
 Both the nocturnal LB and the daytime SB at KSC are operationally significant in that their occurrence  
and timing can impact low-level winds, atmospheric stability, low or high temperatures, fog development, and 
convective activity. The SB cell itself can create a wind shear in the lowest 3,000 ft of the coastal atmosphere, 
higher if you consider return flow over the SB insulation. This phenomenon could have an impact on the roll-
maneuver of the Shuttle after lift-off.
2.5.1  Sea Breeze
 KSC can experience an SB or LB wind effect throughout the year, but they are more noticeable during the 
more quiescent summer season. The SB front is a region of ascending vertical motion and low-level convergence, 
which can lead to convection. The curved KSC coastline, along with any interactions between the SB and the 
local river breeze circulations (with divergent flow), can also produce localized areas of enhanced convergence 
and convection. Another area of convergence that affects the formation of convection at the Cape is the trailing 
convergence line (TCL), in which the SB frontal movement produces a quasi-stationary trailing convergence  
line directly behind the SB front. The Cape’s climatological daily expectancy of thunderstorms varies from 
near 10 percent in May to over 50 percent in August. The sea breeze has been shown to be the dominant factor 
influencing thunderstorm development in the warm season (ref. 2-82). 
 Cetola used 2 yr (317 days) of KSC meteorological tower data at the 16.5-m level to document an initial 
climatology for the Cape Canaveral SB in 1997 (ref. 2-82). This study produced the statistics given in tables 2-88 
and 2-89. 
Table 2-88.  Summertime KSC/Cape Canaveral SB climatology* (ref. 2-82).
% Days With SB
Avg. Arrival 
Time of SB 
(at No. 112)**







% Days of  
SB Thunder-
storms
Max. L.S. Wind 
Threshold for SB
Statistic 194/317=61% 1528Z  
(1028 EST)
116/317=37% 81% (with 1–4 m/s  
SB avg.  prop. speed)
30/317= 9.5% 53% 12.9 m/s (offshore)
6.7 m/s (onshore)
Remarks With all L.S. flow 
(mainly SE & SW, 
but not NE); SB on 




avg. 1415Z (NE) 
and latest avg. 
1628Z (SW)
Occurred during 
weak L.S. wind 
flow
Penetration reduced 
when offshore L.S. 
wind flow >4 m/s
Storms most 
likely when 
L.S. wind flow 
from SW
SB may not be 
detected if L.S. 
wind flow values 
are greater than 
these
 * Based on 194 SB days out of 317 total KSC summer days, observed over 2 yr.
 **Range of SB passage times at tower No. 112 is dependent on the L.S. wind flow; SB can vary from 1205Z to 2120Z.
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Table 2-89.  KSC SB statistics for cloud, temperature change, types, thunderstorms, 
 and SB arrival times (ref. 2-82).
Percentage of SB Days 
(when clear or  
scattered sky in early 
morning)
Average Land-Sea  
Temperature  
Difference
Three Types of SB  
Passages at KSC  
(from most common  
to least common)
Percentage of SB 
Types Resulting  
in Thunderstorms  
(on SB days)
Statistic 88% 5.3 °C 
(for SB days)
*Type 1 – NE @(57%)
*Type 2 – SE @(27%)






Remark 3% of SB days, when 
overcast in morning 




* Direction from which the 
SB comes into KSC area 
@ percentage occurring  
on SB days.
• >80% thunderstorm 
occurrence, when SB 
failed to penetrate  
>10 km inland 
• 80% of SB days with 
thunderstorms (occur 
when L.S. flow from SE 
or SW)
 Nineteen percent of the SB fronts failed to penetrate the entire depth of the Cape meteorological tower 
network (30 km). Sea breeze passage time at towers was delayed during offshore flow >4 m/s. The average 
passage time was at 1637Z. For the 11 days in which the SB penetrated <10 km, the average wind speed was  
8 m/s and the average passage time was at 1649Z. These weakly penetrating SBs also had a higher probability  
of thunderstorms. The weaker Banana and Indian River breezes do not significantly reduce the propagation speed 
of the SB in the Cape area.
 Cloud cover and maximum temperatures also play a major role in the formation of the SB, which can then 
trigger convective thunderstorms. See table 2-89 statistics.
 The TCL is infrequent and develops only with the type 3 sea breeze, which occurs with weak L.S. forcing. 
Convective thunderstorms are 13 percent more likely to occur on SB days with a TCL than without one. 
 Published in 1979, Reed (ref. 2-83) studied the Cape Canaveral SB using 2½ yr of wind observations 
taken from five levels on the KSC 150-m meteorological tower No. 313. He determined that the sea/land breeze 
wind components (u,v) at KSC showed an elliptical clockwise diurnal oscillation whose amplitude increased with 
height. Initially the sea breeze blows perpendicular to the coastline (westward), but throughout the day, friction 
and the Coriolis effect act to veer the winds toward the north, more parallel to the coastline. The monthly wind 
component averages for the 150-m level were the largest in May (4.3 m/s) and the smallest in January (1.3 m/s). 
The daily passage of the SB and its associated wind shift from seaward to landward flow (at low levels) arrived 
as early as 1430Z (0930 EST) in November and as late as 1800Z (1300 EST) in January. Summer shifts generally 
came between 1500Z and 1600Z (1000 and 1100 EST).
 The Florida SB frontal height is seldom greater than ≈300 m (≈1,000 ft) (ref. 2-84), but it can be ≈500 m 
(≈1,500 ft) or higher in vertical thickness. Its influence can even exceed 1 km (≈3,000 ft) above the surface for 
low-level flow (refs. 2-83 and 2-84). See table 2-90 for values of maximum sea and land breeze frontal thickness, 
penetration, and return flow estimates. The typical oceanic return flow (seaward) aloft (associated with a low-level 
SB) normally is weaker, and at KSC, can exist up to and beyond 2 km above ground level. However, worldwide, 
the return flow can exist up to the 700-mb level (≈3 km, or ≈10,000 ft), and can even have a vertical range of 
influence extending from 1 to 4 km above ground/sea level.  
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Table 2-90.  KSC SB/LB front/return flow thickness, penetration, and wind speed (refs. 2-85 through 2-87).








Depth = 1 km
Depth = 2.6 km 
90 km inland and 110 km seaward
Depth >0.3 km
Depth = 2 km
6.5 m/s
Less than SB above
–
4 m/s
Less than LB above
 *Worldwide extremes can exceed these values.
A temperature inversion aloft will tend to limit the vertical growth of the SB frontal depth, and thereby its return 
flow as well. 
 The KSC SB can propagate inward a considerable distance, whereas the river breeze tends to remain 
almost stationary. The western propagation speed of the SB front generally averages between 2.7 and 2.9 m/s 
for the two modes of flow over KSC. When this western-moving SB penetrates around 60 or 70 km inland, it 
sometimes collides with the opposite, west coast, eastern propagating sea breeze which then creates an area of 
greater convection/storm cells. These storm cells normally then propagate eastward toward the Atlantic coast with 
an average return speed of 9 to 14.3 m/s for the two modes of flow (ref. 2-88).
2.5.2  Sea Breeze Extreme Wind Shear
 The onset of a coastal sea breeze circulation cell can alter the wind field from the surface to over 3 km 
altitude by producing a vertical wind shear that previously may not have existed. The Shuttle roll maneuver can 
occur from 120 m (0.12 km) to over 1,120 m (1.12 km), depending upon the Shuttle’s mission/flight plan, launch 
inclination, etc. Therefore, we need to estimate the magnitude of wind shear associated with the development  
of a sea breeze and ascertain if it might present a problem to the launch roll maneuver.
 During descent, it has been determined that hazardous vertical wind shear, which can affect aircraft 
landing, normally occurs in the lowest 100 m (boundary layer) above the ground. These shear values range from 
0.084 s–1; i.e., 2.5 m/s over 30 m vertical thickness, up to 0.160 s–1; i.e., 5 m/s over 30 m (ref. 2-89). Low-level 
extreme wind shears have been measured at the KSC 150-m tower No. 313 and at other coastal and noncoastal 
sites around the world via various methods. The most extreme wind shear measured at tower No. 313—for a high 
wind case—was a value of 0.160 s–1 between the 120- to 150-m level. Lower tower levels gave higher 30-m-
interval wind shears; i.e., 0.173 s–1 between 90 and 120 m, with higher maximum shear values measured below 
these altitude levels (ref. 2-89). These extreme values resulted from high wind conditions and not necessarily 
because of the onset of an intense sea or land breeze. Above 3-km altitude, NASA has computed wind shear 
percentiles for July that apply to the KSC 3- to 16-km altitude levels. These 99-percent wind shears, for height 
intervals ranging from 100- to 1,000-m, range from 0.063 s–1 to 0.019 s–1, respectfully (ref. 2-90). 
 Other investigators have also documented extreme values of low-level wind shear near KSC or at other 
similar coastal sites. Stewart (ref. 2-91) presented wind shear aloft data along the 80th meridian by month. The 
99-percentile worst month value for a 1-km shear interval between zero and 1 km, interpolated for the KSC 
latitude, was ≈0.020 s–1. Essenwanger (ref. 2-92) presented extreme wind shear results measured by radiosonde  
at the coastal site of Miami, FL. He presented shear at both 50- and 100-m intervals from zero to 1.5 km  
(in 0.5-km steps). The 50-m interval wind shears were greater in magnitude than the 100-m shears, and gave 
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maximum values of 0.202 s–1, 0.184 s–1, and 0.172 s–1 at 0–0.5 km, 0.5–1 km, and 1–1.5 km, respectively. Again, 
these extreme wind shears probably resulted from storminess rather than sea breeze effects.  
 Aviation experience tells us that a shear of 0.084 to 0.160 s–1 (over 30 m) could present a low-level 
problem in aircraft landing. Since wind shear values have been measured at coastal Miami that exceed these 
aviation redline values, the question exists regarding what low-level wind shear magnitudes could develop only 
from a coastal sea or land breeze onset.
 With regard to estimating a typical extreme sea breeze-generated, low-level wind shear, not much is given 
in the literature. However, some sea breeze front and return flow information is available and can be used to infer 
a maximum possible vertical sea breeze-developed wind shear value.
 At KSC, the sea breeze frontal height can range from 20 m up to >1 km above ground level (AGL).  
The return flow circulation can range from 0.5 km up to >2-km altitude AGL, with a maximum of 2.6 km  
(ref. 2-93). The altitude within the sea breeze front—in which the maximum horizontal easterly wind speed 
normally occurs—can vary from 100 to 700 m, but normally is near 400 m. The altitude of the return flow 
westerly wind maximum normally occurs between 1.3- to 2.5-km altitude, but normally is near 1.6 km  
(refs. 2-94 and 2-95).
 The maximum KSC area sea breeze wind speed can range up to ≈6.5 m/s (westward). The maximum 
wind speed aloft of the return flow is normally weaker than the near-surface sea breeze winds. However, if the 
prevailing winds aloft are westerly, the return flow winds can be enhanced up to perhaps ≈6.5 m/s (eastward) or 
more. Taking the altitude of 700 m (for sea breeze maximum wind) and 1.3 km (for return flow maximum wind),  
we arrive at a 13 m/s horizontal wind speed difference that occurs over a 600-m altitude interval. This results in an 
estimated vertical wind shear of ≈0.022 s–1 over this 600-m interval. This shear value would correspond to a 3- to 
16-km KSC July (600 m) 98-percentile vertical wind shear. KSC winter months experience stronger vertical wind 
shears than in July.
 The vertical wind speed, above the surface sea breeze frontal area, occurring between 0.7- and 1-km 
altitude, can vary in magnitude between 2.6 and 3 m/s, maximum (refs. 2-94 and 2-95).
 This estimated sea breeze wind shear value (and wind vertical velocity above the sea breeze front) can  
be used in roll maneuver or other engineering calculations for an approximate maximum sea breeze vertical wind 
shear that could be encountered.
2.5.3  Land Breeze
 Accurate predictions of the KSC land breeze are critical for toxic material dispersion forecasts associated 
with space launch missions, as wind direction and low-level stability can change with the onset of an LB  
(ref. 2-96). Over a 7-yr KSC period of record, Case produced the following LB results, as shown in tables 2-91 
and 2-92 for the 393 LB events that occurred.
 Land breezes can occur during any month of the year, but were most common for KSC in April  
(7.1 avg./mo), May, July, and August. While the least common months for LB occurrence were during December 
(2.1 avg./mo) and January. The land breeze circulation at KSC is generally much weaker than the sea breeze in 
both velocity and height of development. 
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Table 2-91.  KSC LB occurrences (ref. 2-96).

















Table 2-92.  KSC LB characteristics (ref. 2-96).
Result
LB Depth: 
 Deep (>150 m)








LB front passage:  
 Stability effect; i.e.,  
 temperature change 
>80% of deep events had SB on prior afternoon
<40% of shallow events had SB on prior afternoon
6.5 to 8 hr after sunset
4 to 5 hr after sunset
From the NW
From the W or SW
From any direction
• Decrease in near-surface stability; i.e., temperature  
 decrease at 54 ft (16.5 m) and an increase at 6 ft (1.8 m)
• Negligible effect in near-surface stability in summer months
• Fog was more common at night with an LB in place
2.6   Other Wind Subsection Locations
 Wind information is also presented within other sections of this document. The wind correction factor 
for surfaces with respect to radiation balances is given in section 4.5.5.2. Extreme surface winds dealing with 
tornadoes, hurricanes, and foehn are in section 5.2.2.5. The wind speed effect on falling raindrops is in section 
7.2.4.3. The wind effect on falling hail is in section 7.2.7.3.2. Winds affecting sand and dust storms are presented 
in section 10.3.3. The wind effects on buildings involving tornadic and hurricane forces are in section 12.2. Winds 
relating to other phenomena including gustnado, landspout, waterspout, firewhirl, and downburst/microburst are 
presented in section 12.5. The hurricane wind fatigue model is given in section 12.6.1, while wind/rain damage to 
the Thermal Protection System is mentioned in section 12.6.2. Estimating hurricane wind gusts over land and the 
decay after landfall are presented in sections 12.6.6.2.4 and 12.6.6.2.5, respectively. Hurricane wind probabilities 
are described in section 12.6.7.2, while KSC hurricane peak winds are presented in section 12.6.9.2. Nor’easter 
information is given in section 12.6.10. Severe wind weather site maps are given in section 12.7, while section 
12.8 presents a unique set of measured landfall wind speeds from Hurricane Ivan. Wind statistical procedures used 
in mission planning are in section 15.1.1. In-flight wind exceedance probabilities are expressed in section 15.1.3. 
Finally, the prelaunch Shuttle wind monitoring plan is presented in section 15.2. 
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3.  ATMOSPHERIC THERMODYNAMIC PROPERTIES AND MODELS
3.1  Introduction
 Section 3 presents the surface and inflight	thermodynamic	parameters—temperature, pressure, and  
density—of the atmosphere in a statistical and a modeling mode. The applicable model should be selected for 
design use based on the operational requirements for the aerospace vehicle. Mean and extreme values of these 
thermodynamic parameters can be used in application to many aerospace vehicle design and operational prob-
lems, such as (1) research planning and engineering design of remote Earth sensing systems, (2) vehicle design 
and development, and (3) vehicle trajectory analysis, dealing with vehicle thrust, dynamic pressure, aerodynamic 
drag, aerodynamic heating, vibration, structural and guidance limitations, and reentry	analysis	(ref.	3-1).	The	first	
part of this section gives median and extreme values of these thermodynamic variables at sea level and surface 
level. The thermodynamic variables are then presented as a function of altitude in terms of median and extreme 
values. An approach is also presented for relating temperature, pressure, and density as independent variables, 
with a method to obtain simultaneous values of these variables at discrete altitude levels. A subsection on reen-
try is presented, giving atmospheric models for use in reentry heating,	trajectory,	etc.,	analyses.	Specific	sites	
presented	in	this	section	include	Kennedy	Space	Center	(KSC),	FL,	Vandenberg	Air	Force	Base	(VAFB),	CA,	
Edwards	Air	Force	Base	(EAFB),	CA,	and	White	Sands	Missile	Range (WSMR), NM. The NASA Marshall Space 
Flight	Center	(MSFC)	Global Reference Atmospheric Model, 2007 (GRAM-07) provides inflight	atmospheric	
thermodynamic variables for all geographical sites (see sec. 3.8). If other U.S. or world site surface extreme 
thermodynamic parameter values are needed, consult section 5. See Section 10 for information on atmospheric 
constituents. Many of the atmospheric models described in this section are available as a computer program or 
subroutine	from	the	Natural	Environments	Branch,	Engineering	Directorate,	NASA	Marshall	Space	Flight	Center,	 
Marshall Space Flight	Center,	AL		35812.
3.2  Standard Atmosphere
 A standard atmosphere is a vertical description of atmospheric temperature, pressure, and density that 
is usually established by international agreement and taken to be representative of the Earth’s atmosphere. The 
first	standard	atmospheres established by international agreement were developed in the 1920s, primarily for the 
purposes of pressure altimeter calibrations and aircraft performance calculations. Later, some countries, notably 
the United States, also developed and published standard atmospheres. The term reference atmosphere is used to 
identify vertical descriptions of the atmosphere	for	specific	geographical	locations	or	globally,	such	as	GRAM-07. 
These	were	developed	by	organizations	for	specific	applications,	especially	as	the	aerospace	industry	began	to	
mature after WWII. The term standard atmosphere has in recent years also been used by national and international 
organizations to describe vertical descriptions of atmospheric trace constituents, the ionosphere, aerosols, ozone, 
atomic oxygen, winds, water vapor, planetary atmospheres, etc. The history of standard and reference atmospheres 
are presented and summarized in references 3-1 through 3-4. Key atmospheric engineering models are given in 
references 3-5 through 3-10.
3.2.1  U.S. Standard Atmosphere—Sea Level Values (Ref. 3-5)  
 A standard value of sea level atmosphere pressure	is	defined	as	that	pressure exerted by a 760-mm column 
of mercury at standard gravity (9.80665 m/s2) at 45.5425° N. latitude and at a temperature of 273.15 K (0 °C). 
The recommended unit for meteorological use is 1,013.25 hPa or mb. Standard temperature is used in physics  
to indicate a temperature of 0 °C—the ice point—and a pressure of 1 standard atmosphere (1,013.25 hPa or mb).  
In meteorology, the term standard temperature has no generally accepted meaning, except that it may refer  
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to the temperature at zero pressure-altitude in the standard atmosphere. The annual standard sea level values  
of temperature, pressure, and density that have been used for years are temperature of 288.15 K (15 °C), pressure  
of 1013.25 mb (760 mm of Hg), and density of 1,225.00 g m–3. These values are summarized in table 3-1. 
Table 3-1.  Annual standard sea level values of temperature, pressure, and density.




15 °C (288.15 K)
1.013250x105 N/m2 (Newton/m2  
is equivalent to a Pascal (Pa) in  
SI units; a Pascal is equivalent to  
100 millibars (mb))
1.2250 kg/m3




3.2.2  U.S. Standard Atmosphere—Altitudes Above Sea Level Values (Ref. 3-5)
 The portion of the U.S. Standard Atmosphere up to 32 km is identical with the ICAO Standard Atmo-
sphere, 1964, and below 50 km with the ISO Standard Atmosphere,	1973.	For	this	reason,	in	addition	to	providing	
an excellent description of the atmosphere model development and extending beyond conventional aircraft opera-
tions, the U.S. Standard Atmosphere,	1976,	has	been	used	for	figures	3-1	and	3-2	to	illustrate	the	vertical	distribu-
tion of atmospheric	temperature.	Figure	3-1	provides	an	illustration	of	the	temperature-height	profiles	to	>90	km	
of the U.S. Standard Atmosphere, 1976, and the lowest and highest mean monthly temperatures obtained for any 

























Figure	3-1.		Range of systematic variability of temperature around 
 the U.S. Standard Atmosphere, 1976 (ref. 3-5).
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	 For	altitudes above ≈100	km,	significant	variations	in	the	temperature,	and	thus	density, occur due to solar 
and geomagnetic activity over the period of a solar cycle. Variations in the temperature-height profiles	for	vari-
ous	degrees	of	solar	and	geomagnetic	activity	are	presented	in	figure	3-2.	Profile	(A)	gives	an	appreciation	of	the	
lowest temperature departures expected at solar cycle minimum, profile	(B)	represents	average conditions at solar 
cycle minimum, profile	(C)	represents	average conditions at a typical solar cycle maximum, and profile	(D)	gives	



















(A) (B) (C) (D)
Figure	3-2.		Departures	of	the	temperature-altitude profiles	from	that	of	the	U.S.	Standard	Atmosphere, 
 1976, for various degrees of solar activity (ref. 3-5).
 Currently, some of the most commonly used standard and reference atmospheres include: 
•  COSPAR International Reference Atmosphere (CIRA), 1986
•  ISO Standard Atmosphere, 1975
•  NASA Global Reference Atmosphere Model (GRAM), 2007
•  NRL MSIS Reference Atmosphere, 2000.
•  RCC/MG Range Reference Atmospheres (RRAs)
•  U.S. Standard Atmosphere, 1976
•  U.S. Standard Atmosphere Supplements, 1966
	 In	1996,	the	American	Institute	of	Aeronautics	and	Astronautics	first	published	a	Guide	to	Reference		
and	Standard	Atmosphere	Models (ref. 3-3). This document has been updated and provides information on the 
principal features for over 70 global, regional, middle atmosphere, thermosphere, test ranges, and planetary refer-
ence and standard atmospheric models.
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3.3  Surface Atmospheric Thermodynamic Parameters
3.3.1  Atmospheric Temperature
 3.3.1.1  Temperature Definition.		The	normal	thermodynamic	definition	of	temperature,	the	derivative	 
of energy with respect to entropy, applies to the atmospheric environment.
 There is also a virtual temperature, TV,	of	a	sample	of	moist	air	defined	as	the	temperature	at	which	dry	air	
of the same total pressure would have the same density as the sample of moist air: 
 TV ≅T	(1+0.61 w)  , (3.1)
where w = mixing ratio of water vapor to dry air (g/g).
	 By	substituting	TV	into the ideal gas law in place of T, the variations of temperature and humidity  
are accounted for (to within the limits of ideal gas approximation):
	 PV = (R/M)	TV			, (3.2) 
where
 P = pressure
 V = volume
 M = molecular weight, where Mdry air = 28.966 and Mwater vapor  = 18.016
 R = universal gas constant = 8.31436×107 erg×K–1×g mol–1.
 3.3.1.2  Surface Temperature.  Median and extreme values of surface atmospheric temperature for  
various NASA sites of interest are presented in section 3.4.1. Temperature-aloft statistics are also presented  
in section 3.4.1. Other U.S. and world surface temperature extremes are given in sections 5.1.3.1 and 5.2.2.1, 
respectively. Extreme and 95th-percentile values of surface temperature for selected areas are given in sec-
tion 4.5.2 (table 4-10). Other radiation balance temperature effects, including hourly KSC diurnal temperature 
extremes and compartment temperatures, are presented in section 4.6.
3.3.2  Atmospheric Pressure
 3.3.2.1  Pressure Definition.  Atmospheric pressure (also called barometric pressure) (P) is the force 
exerted, as a consequence of gravitational attraction, by the mass of the column of air of unit cross section lying 
directly above the area in question. It is expressed as force per unit area (Newtons per square meter or Newtons 
per square centimeter or millibars).
 3.3.2.2  Surface Pressure.  The total variation of pressure from day to day is relatively small (<7 mb). 
Diurnal, semidiurnal, and terdiurnal tidal variations can all affect the normal surface atmospheric pressure pattern. 
Rapid and greater variations of pressure occur as the result of the passage of frontal systems, while the passage 
of a hurricane can cause larger (Hurricane Wilma with ≅97	mb	drop	in	24	hr),	but	still	not	significant,	changes	
for pressure environment design of space vehicles. The pressure	drop	in	a	tornado	is	significant	and	can	exceed	
20 percent of ambient during the few seconds of its passage. Surface pressure extremes for various locations and 
their extreme ranges are given in table 3-2. The data at these locations were mostly taken from their respective 
surface weather observation summaries (see ref. 3-11 for example). Extreme surface pressures across the United 
States and around the world are given in sections 5.1.3.4 and 5.2.2.4, respectively.
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Table 3-2.  Surface station pressure extremes (values apply to station elevation above mean sea level (MSL)).
Location Units
Pressure Station Elevation
































































































































* The mean values given here will differ from the median surface values as given in tables 3-11 through 3-13  
   and reference 3-8.
† Hurricane-influenced low pressures are not given here.
‡ Runway elevations above MSL.
 3.3.2.3  Surface Pressure Change:  
 (1) A gradual rise or fall in pressure of 3 mb (0.04 lb in–2) and then a return to original pressure  
can be expected within a 24-hr period for locations noted in table 3-2.
 (2) A maximum pressure change (frontal passage change) of 6 mb (0.09 lb in–2) (rise or fall)  
can be expected within a 1-hr period for all localities noted in table 3-2.
 3.3.2.4  Pressure Decrease With Altitude:  
 (1) Pressure decrease is approximately logarithmic with height. Materials transported in mountainous 
terrain or in cargo compartments of aircraft must be packaged to stand the pressure differential without damage. 
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Near sea level; i.e., <3 km, the pressure will vary ≈1 mb for each 10-m change in altitude.	Figure	3-3	shows	 
the 1976 U.S. Standard Atmosphere’s pressure decrease up to 5-km altitude (ref. 3-5). The U.S. 76 standard  
atmospheric pressure decreases to ≈75 percent of its surface value by 2,500 m (8,200 ft) altitude; ≈50 percent  
by 5,500 m (18,000 ft); and ≈25 percent by 10,500 m (34,400 ft).































Figure	3-3.		Pressure change with altitude for packaging materials (ref. 3-5).
 (2) Ambient atmospheric pressure also needs to be considered in payload design. During launch and rapid 
ascent in the atmosphere, the payload can experience a quick ambient atmospheric pressure drop to almost zero 
from a surface value of 1,013 mb. Since some payloads may not tolerate low atmospheric pressures, one may 
need to vent internal air and/or use a barometric switch for switching functions in payload electrical subsystems. 
More detailed data on pressure distribution with altitude are given in section 3.4.2.
3-7
3.3.3  Atmospheric Density
 3.3.3.1  Density Definition.  Mass density (ρ) is the ratio of the mass of a substance to its volume.  
(It	also	is	defined	as	the	reciprocal	of	specific	volume.)	Density is usually expressed in grams per cubic  
centimeter or kilograms per cubic meter.
 3.3.3.2  Surface Density.  Generally, the horizontal distance variation of atmospheric density at the 
Earth’s surface between the measured station value and the area of interest; i.e., launch pad, runway, at a given 
location	is	small	and	should	have	no	significant	effect	on	preflight	planning	and	operations	for	a	launch vehicle. 
Table 3-3 gives annual median density values at the surface for the four main test ranges.
Table 3-3.  Annual median surface densities.
Area
Surface Altitude Source of Data
(Reference No.)
Atmospheric Density

























*Station elevation above MSL.
 Atmospheric density, especially low density, is important to aircraft takeoff and landing operations and 
should therefore be considered when designing runway lengths or planning operations such as the Space Shuttle 
orbiter ferry flights.	Table	3-4	gives	low-density values that are equaled or exceeded ≈5 percent of the time during 
the hottest part of the day in summer. Typical associated temperatures needed for engine power calculations are 
also listed. Since low density	occurs	at	high	elevation	and	for	high	temperatures,	only	the	highest	enroute	airfield	
and the ferry flight	terminals	were	considered.	Since	KSC	and	VAFB	density extremes are given in section 3.4.3, 
only	EAFB	and	Biggs	AFB	are	listed	here.
Table 3-4.  Low surface density (5 percentile worst day of the year reference) 


















*Departure from U.S. Standard Atmosphere, 1976 (ref. 3-5).
 3.3.3.3  Surface Density Variability and Altitude Variations.  Data on the variation of surface density 
and density	aloft	about	its	median	annual	values	can	be	found	in	section	3.4.	The	MSFC	Global Reference Atmo-
sphere, 2007 (ref. 3-9) will also provide monthly mean density values versus altitude together with variability  
for any latitude/longitude location on the globe.
3-8
3.4  Inflight Atmospheric Thermodynamic Parameters
 Median and extreme values of atmospheric temperature, pressure, and density versus altitude are pre-
sented in this section for various sites of primary interest to NASA. References 3-12 and 3-13 give worldwide 
extremes of the thermodynamic parameters aloft.
3.4.1  Inflight Atmospheric Temperature
 3.4.1.1  Air Temperature at Altitude.  Median and extreme air temperatures for the following list of test 
ranges were compiled from frequency distributions of radiosonde-measured temperature data from zero through 
30-km altitude. Above 30-km altitude, mean and extreme temperatures for the different test ranges were obtained 
from meteorological rocketsonde observations:
 (1)  KSC air temperature values with altitude are given in table 3-5 (ref. 3-6).
	 (2)		VAFB	air	temperature	values	with	altitude are given in table 3-6 (ref. 3-7).
	 (3)		EAFB	air	temperature	values	with	altitude are given in table 3-7 (ref. 3-8, item (6)).
 (4)  WSMR air temperature values with altitude are given in table 3-8 (ref. 3-8, item (5)).
Table 3-5.  KSC air temperatures at various altitudes.
Geometric Altitude Minimum Median*† Maximum









































































































































































*For higher altitudes, see reference 3-6 and table 3-11.
†Median values aloft are annual values taken from reference 3-6.
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Table	3-6.		VAFB	air	temperatures	at	various	altitudes.
Geometric Altitude Minimum Median*† Maximum









































































































































































*For higher altitudes, see reference 3-7 and table 3-12.
†Median values aloft are annual values taken from reference 3-7.
 Reference 3-14 presents a classic description of the vertical temperature profile	characteristics (and the 
variability of the tropopause level) by altitude, month, and latitude. Reference 3-15 presents a climatological 
summary	involving	the	analysis	of	25	yr	of	Cape	Canaveral,	FL,	rawindsonde	data	consisting	of	various	monthly-
mean vertical profiles	of	temperature,	wind, and moisture for KSC.
 3.4.1.2  Extreme Cold Temperature.  Extreme cold temperatures for nonheated compartments during 
aircraft flight	for	KSC,	VAFB,	EAFB,	and	WSMR	are	given	in	table	3-9.	Hot compartment temperatures are given 
in section 4, paragraph 4.6.5.
3.4.2  Inflight Atmospheric Pressure
 3.4.2.1  Atmospheric Pressure at Altitude.  Envelopes of atmospheric pressure extremes for all four 
locations	(KSC,	VAFB,	EAFB,	and	WSMR)	are	given	in	table	3-10.	These	values	were	taken	from	pressure 
frequency distributions of radiosonde observations from the four test ranges. Pressure means and extremes were 
computed above 25-km altitude using meteorological rocketsonde measurements.
 Mean and extreme values of station pressure for many locations of interest are given in table 3-2, whereas 
median pressure values up to 90-km altitude for the four key sites are given in tables 3-11 through 3-13, and in 
reference 3-8. The U.S. Standard Atmosphere’s pressure decrease with altitude	is	illustrated	in	figure	3-1.
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Table	3-7.		EAFB	air	temperatures	at	various	altitudes.
Geometric Altitude Minimum Median*† Maximum









































































































































































*For higher altitudes, see reference 3-16 and table 3-13.
†Median values aloft are annual values taken from reference 3-8, item (6).
3.4.3  Inflight Atmospheric Density
 3.4.3.1  Atmospheric Density at Altitude.  The density of the atmosphere decreases rapidly with height, 
decreasing to one-half of the surface value at ≈7-km altitude. Density	is	also	variable	at	a	fixed	altitude, with  
the greatest relative variability occurring at ≈70-km altitude in the high northern latitudes (60° N.). Other altitudes 
of maximum density variability occur around the surface and 16 km. Altitudes of minimum variability occur 
around 8-, 24-, and 90-km altitude.	See	figures	3-4	through	3-6	in	section	3.6.
 Density varies with latitude in each hemisphere, with the mean annual density near the surface increasing 
toward the poles. In the region around 8-km altitude in the Northern Hemisphere; e.g., the density variation with 
latitude and season is small. Above 8 km to ≈28 km, the mean annual density decreases toward the north. Mean 
monthly densities between 30 km and 90 km increase toward the north in July and toward the equator in January 
(refs. 3-9 and 3-17).
 Drag on a reentering spacecraft, which is a direct function of atmospheric density at a given altitude for 
a	specific	vehicle,	like	the	Space	Shuttle, has varied up to 19 percent over a few seconds, resulting from “patchy” 
density variations (density “pot holes”). The designer must recognize that atmospheric density variations do occur, 
and	they	will	highly	influence	engine	performance,	specific	fuel	consumption,	drag,	and	flight	control	(ref.	3-18).	
GRAM-07 (ref. 3-9) has been designed to reproduce typical density variations that can be encountered along a 
given flight	path	and	should	be	considered	in	vehicle design, both ascent and reentry. 
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Table 3-8.  WSMR air temperatures at various altitudes.
Geometric Altitude Minimum Median* Maximum









































































































































































*Median values aloft are annual values taken from reference 3-8, item (5).
Table 3-9.  Lower atmospheric temperature extremes applicable 
	 for	all	locations	(KSC,	VAFB,	EAFB,	and	WSMR).
Maximum Flight Altitude (Geometric) 
of Aircraft Used for Transport Compartment Cold Temperature Extreme

































 Considerable data are now available on the mean density and its variability below 30 km at the various 
test ranges from the data collected for preparation of the RCC RRAs (ref. 3-8). Additional information on the sea-
sonal variability of density below 30 km is presented in reference 3-17. Above 30 km, the data are less plentiful 
and the accuracy of the temperature measurements—used to compute some densities—decreases with altitude.
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 (Use values in table 3-2 for surface pressure for each station)
 Extreme minimum and maximum values of density	for	the	KSC	and	VAFB	are	given	in	table	3-14.	These	
extreme density values approximate the ±3σ (corresponding to the normal distribution) density values. The rela-
tive deviations of density	for	KSC	and	VAFB	given	in	table	3-14,	are,	respectively,	defined	as	percentage	depar-
tures from the Patrick Reference Atmosphere (ref. 3-6) and the Vandenberg Reference Atmosphere (ref. 3-7).
 Median values of surface density for different locations of interest are given in table 3-3, and mean values 
with altitude are given in tables 3-11 through 3-13 and in reference 3-8.
3.5  Simultaneous Values of KSC Temperature, Pressure, and Density at Discrete Altitude Levels
3.5.1  Introduction
 This section presents simultaneous values of temperature, pressure, and density as guidelines for aero-
space vehicle design	considerations.	The	necessary	assumptions	and	the	lack	of	sufficient	statistical	data	samples	
restrict the precision with which these data can currently be presented. The analysis is limited to KSC.
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Table 3-11.  KSC (Patrick) Reference Atmosphere (PRA-63) (ref. 3-6).
Geometric 




















































































































































































































































NOTE:  Within table, the number format for 10–x is shown as –x.
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Table	3-12.		VAFB	Reference Atmosphere (VRA-71) (ref. 3-7).
Geometric 




















































































































































































































































NOTE:  Within table, the number format for 10–x is shown as –x.
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Table	3-13.		EAFB	Reference Atmosphere (ERA-75) (ref. 3-16).
Geometric 




















































































































































































































































NOTE:  Within table, the number format for 10–x is shown as –x.
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Table 3-14.  Atmospheric density maximum (±3σ) and minimum (≈3σ) versus altitude	for	KSC	and	VAFB.
KSC Density VAFB Density





























































































































































































* Geometric altitude above MSL.
3.5.2  Method of Determining Simultaneous Values
 An aerospace vehicle design problem that often arises in considering natural environmental data is stated  
by the following question: “How should the extremes (maxima or minima) of temperature, pressure, and density 
be combined (1) at discrete altitude levels and (2) versus altitude?” As an example, suppose one wants to know 
what temperature and pressure should be used simultaneously with a maximum density at a discrete altitude. 
From	statistical	principles	set	forth	by	Dr.	C.E.	Buell	(ref.	3-19),	the	solution	results	by	allowing	mean density 
plus three standard deviations to represent maximum density	and	using	the	coefficients	of	variations,	correlations,	
and mean values as expressed in equation (3.3):
 Maximum =ρ ρ σ ρ σ
ρ
ρ σρ





3 1 3 1 3
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The associated values for pressure	and	temperature	are	the	last	two	terms	of	equation	(3.3),	(A)	and	(B).	Appropri-
ate	values	of	correlation	coefficients	(r)	and	coefficients	of	variation	(CV) are obtained from table 3-15.
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 In general, the three extreme equations of interest for ρ, P, and T are:  
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ρρ1 1 ( ) ( ) , (3.6) 
where M denotes the multiplication factor to give the desired deviation. The values of M for the normal  
distribution and the associated percentile levels are shown in table 3-16.
 The two associated atmospheric parameters that deal with a third extreme parameter are listed in more 
detail in table 3-17.
 It must be emphasized that this procedure is to be used at discrete altitudes only. Whenever extreme 
profiles	of	pressure, temperature, and density are required for engineering application, the use of these correlated 
variables at discrete altitudes is not satisfactory. Section 3.6 deals directly with this problem, since profiles	 
of only extreme values of pressure, temperature, or density from zero to 90-km altitude is unrealistic in the real 
atmosphere.
3.6  Extreme Hot and Cold Atmospheric Profiles for KSC, VAFB, and EAFB
 Section 3.6 gives the two extreme density profiles	that	correspond	to	the	summer	(hot) and winter (cold) 
extreme atmospheres	for	KSC	(tables	3-18a	and	3-18b),	VAFB	(tables	3-19a	and	3-19b),	and	EAFB	(tables	3-20a	
and	3-20b).	See	references	3-20	and	3-16	for	VAFB	and	EAFB,	respectively,	for	detailed	information	pertaining	
to extreme atmospheres. Associated values of extreme temperature and pressure versus altitude are also tabu-
lated. These extreme atmospheric profiles	should	be	used	in	ascent	design analyses at all altitudes.	For	reentry 
studies,	they	are	to	apply	only	from	30	km	to	the	surface	for	vehicles	to	be	used	at	KSC,	VAFB,	or	EAFB.	 
For	those	aerospace	vehicles	with	ferrying	capability,	design calculations should use these extreme profiles	 
in conjunction with the hot or cold day design ambient air temperatures over runways from paragraph 5.1.3.1  
of section 5. The extreme atmosphere producing the maximum vehicle design requirement should be utilized  
to determine the design.
 The envelopes of density deviations given in table 3-14 imply that a typical individual extreme density 
profile	may	be	represented	by	a	similarly	shaped	profile;	e.g.,	deviations	of	density are either all negative or all 
positive from sea level to 90-km altitude. However, examination of many individual density profiles	shows	that	
when large positive deviations of density occur at the surface, correspondingly large negative deviations will 
occur near 15-km altitude and above. Such a situation occurs during the winter season (cold atmosphere). The 
reverse is also true—density profiles	with	large	negative	deviations	at	lower	levels	will	have	correspondingly	

























































































































































































































































































































































 pressure-density r(Pρ), pressure-temperature r(PT), and density-temperature r(ρT), 
 KSC, annual (Continued).
Altitude
(km)









































































































































































































































































































































Table 3-16.  M values for normal distribution and associated percentile levels.
M Percentile
Mean –3  standard deviations
Mean –2  standard deviations
Mean –1  standard deviations
Mean ±0  standard deviations = median
Mean +1  standard deviations
Mean +2  standard deviations








Table 3-17.  Parameters for extreme density, temperature, and pressure.























































































































Use + sign when extreme parameter is maximum and – sign when extreme parameter is minimum.
 The two extreme KSC density profiles	of	figure	3-4	are	shown	as	percent	deviations	from	the	Patrick	Ref-
erence Atmosphere, 1963 density profile	(ref.	3-6).	The	two	profiles	obey	the	hydrostatic	equation	and	the	ideal	
gas law. The extreme density profiles	shown	up	to	30-km	altitude were observed in the atmosphere. The results 
shown above 30-km altitude are somewhat speculative because of the limited data from this region of the atmo-
sphere. Quasi-isopycnic levels (levels of minimum density variation) are noted at approximately 8 and 86 km. 
Another level of minimum density variability is seen at 24 km, and levels of maximum variability occur at zero, 
15-, and 68-km altitude. The associated extreme virtual temperature profiles	for	KSC	are	given	in	figure	3-7.
	 The	two	VAFB	extreme density profiles	are	shown	in	figure	3-5	as	percent	deviations	from	the	Vanden-
berg Reference Atmosphere, 1971. Levels of minimum density variation are located at approximately 8-, 30-,  
and 90-km altitude. Levels of maximum variability occur at 0, 15, and 73 km. The hot and cold	VAFB	virtual	 
temperature profiles	are	shown	in	figure	3-8.
	 The	two	EAFB	extreme density profiles	are	shown	in	figure	3-6	as	percent	deviations	from	the	Edwards	
Reference Atmosphere, 1975. The hot and cold	EAFB	virtual	temperature	profiles	are	shown	in	figure	3-9.	These	
extreme density and temperature profiles	again	have	structures	similar	to	the	KSC	and	VAFB	models. Tempera-
tures below ≈10-km altitude are virtual temperatures. Virtual temperature includes moisture to avoid computation 
of	the	specific	gas	constant for moist air (sec. 3.3.1.1).
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NOTE:  Within table, the number format for 10–x is shown as –x.
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NOTE:  Within table, the number format for 10–x is shown as –x.
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NOTE:  Within table, the number format for 10–x is shown as –x.
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NOTE:  Within table, the number format for 10–x is shown as –x.
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NOTE:  Within table, the number format for 10–x is shown as –x.
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NOTE:  Within table, the number format for 10–x is shown as –x.
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Envelope of Maximum and Minimum Density
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Figure	3-5.		Relative	deviations	(%)	of	VAFB	density profiles	with	respect	to	VRA-71.
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Figure	3-8.		Virtual	temperature	profiles	of	the	VAFB	hot, cold, and VRA-71.
3.7  Range Reference Atmospheres
  In design	and	preflight	analysis	of	aerospace	vehicles,	average atmospheric models are used to represent 
the mean or median thermodynamic conditions with respect to altitude.	For	general	worldwide	design, the U.S. 
Standard Atmosphere,	1976	(ref.	3-5)	is	used	but	site-specific	atmosphere models are needed at each launch loca-
tion. A group of 17 RRAs from the RCC/MG as documented in reference 3-8 have been prepared to represent the 
thermodynamic	medians	within	the	first	70-km	altitude at various ranges and launch locations. (Twelve of these 
RRAs	along	with	five	additional	RRA	sites;	i.e.,	for	Argentia,	New	Foundland;	China	Lake	NAWC,	CA;	EPG	Fort	
Huachuca,	AZ;	Roosevelt	Roads,	PR;	and	Yuma	PG,	AZ,	are	available	from	the	EAFB	Web	site.	However,	these	
17 electronic RRAs are currently being rechecked for accuracy.)  To date, a total of 29 different site RRAs have 
been issued. References 3-10 and 3-21 (supplemental atmospheres) together with reference 3-9, which describes 
the GRAM, are also useful in this regard. The GRAM-07 was constructed such that it provides a close approxima-
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Extreme Temperature Envelope
Figure	3-9.		Virtual	temperature	profiles	of	the	EAFB	hot, cold, and ERA-75.
 A major new feature of the GRAM-07 is the (optional) ability to use data (in the form of vertical profiles)	
from a set of RRAs as an alternate to the usual GRAM climatology. With this feature, it is possible, for example, 
to simulate a flight	profile	that	takes	off	from	the	location	of	one	RRA	site;	e.g.	EAFB,	using	the	range refer-
ence atmospheric data to smoothly transition into an atmosphere characterized by the GRAM climatology, then 
smoothly transition into an atmosphere characterized by a different RRA site; e.g., WSMR, NM, to be used as the 
landing site in the simulation. Data for 12 RRA sites are provided. The user can also prepare data for any other 
site desired for use in this mode. 
 The Patrick Reference Atmosphere (PRA-63) is a more extensive reference atmosphere presenting data 
to 700-km altitude	for	KSC.	Because	of	the	utility	of	this	atmosphere,	a	simplified	version	is	given	as	table	3-11	
from reference 3-6. Criteria for orbital studies are given in reference 3-22. 
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 Reference atmospheres	are	also	available	for	VAFB	(ref.	3-7	and	table	3-12)	and	EAFB	(ref.	3-16	 
and table 3-13). These provide an annual reference atmosphere model to 700 km and have been designated  
as computer subroutines VRA-71 and ERA-75, respectively. 
 In tables 3-11 through 3-13, the reference atmosphere values are given for these three sites in standard 
computer printout, where the two-digit numbers that are at the end of the tabular value (number preceded by E) 
indicate	the	power	of	10	by	which	the	respective	principal	value	must	be	multiplied.	For	example,	a	tabular	value	
indicated as 2.9937265E 02 is 299.37265.
 A detailed listing and description of many worldwide reference and standard atmospheric models is given 
in reference 3-3.
3.8  MSFC Global Reference Atmospheric Model (Ref. 3-9)
	 The	NASA	MSFC	GRAM-07	was	developed	in	response	to	the	need	for	a	design	reference	atmosphere	
that provides complete global geographical variability, and complete altitude coverage—surface to orbital alti-
tudes. Like the previous versions of Earth GRAM, the 2007 model provides estimates of means and standard 
deviations for atmospheric parameters such as density, temperature, and winds, for any month, at any altitude and 
location	within	the	Earth’s	atmosphere.	Earth	GRAM	can	also	provide	profiles	of	statistically-realistic	variations;	
i.e.,	with	Dryden	energy	spectral	density,	for	any	of	these	parameters	along	computed	or	specified	trajectory.	This	
perturbation feature makes Earth GRAM especially useful for Monte Carlo dispersion analyses of guidance and 
control systems, thermal protection systems, and similar applications. Some of these applications have included 
operational	support	for	Shuttle	entry,	flight	simulation	software	for	X-33	and	other	vehicles,	entry	trajectory	and	
landing dispersion analyses for the Stardust and Genesis missions, planning for aerocapture and aerobraking 
for Earth-return from lunar and Mars missions, 6 degree-of-freedom entry dispersion analysis for the Multiple 
Experiment Transporter to Earth Orbit and Return (METEOR) system, and more recently, the Crew Exploration 
Vehicle (CEV).
 The GUACA (or GGUAS) data cover the altitude region from zero to 27 km (in the form of data at the 
surface and at constant pressure levels from 1,000 mb to 10 mb). The middle atmospheric region (20 to 120 km) 
data set is compiled from Middle Atmosphere Program (MAP) data and other sources referenced in the GRAM-
90 and GRAM-95 reports. The highest altitude region (above 90 km) is simulated by the Marshall Engineering 
Thermosphere (MET) model,	specifically	the	2007	version	(MET-2007). Smooth transition between the altitude 
regions	is	provided	by	fairing	techniques.	Unlike	interpolation	(used	to	“fill	in”	values	across	a	gap	in	data),	fair-
ing is a process that provides a smooth transition from one set of data to another in regions over which they over-
lap; e.g., 20 to 27 km for GUACA/GGUAS and MAP data and 90 to 120 km for MAP data and the MET model). 
Figure	3-10	provides	a	graphical	summary	of	the	data	sources	and	height	regions.	Earth	GRAM-07	retains	the	
capability of the previous version but also contains several new features listed in section 3.8.1.
3.8.1 New GRAM-07 Model Features
• Uses 2006 revised Range Reference Atmospheres.
• ‘Auxiliary profile’	feature	added.	Allows	user	to	input	any	thermodynamic or wind	profile.
• New thermospheric model,	MSFC	MET-2007 added.
• Thermospheric model, NRL MSIS E-00, and associated Harmonic Wind Model (HWM-93) added.
•	 Thermospheric	model,	Jacchia-Bowman	2006	added.
• Earth Reference Ellipsoid updated to WGS 84.
• Various Perturbation Model revisions made.
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MET-07, MSIS, or JB2006 Thermosphere 
Fairing Between MAP Data and MET Model
Fairing Between MAP and GUACA/GGUAS Data

































 and sources for the models and data on which the mean monthly GRAM-07 
 values are based (ref. 3-9).
3.8.2  Reentry Atmospheric Model
 The atmospheric model recommended for all reentry analyses, except lower altitudes	specified	in	sec- 
tion 3.6, is GRAM-07 (ref. 3-9). This model generates monthly profiles	of	atmospheric	variables—wind, pressure, 
temperature, and density—along any vehicle trajectory from orbital altitudes to sea level on a worldwide basis. 
GRAM-07 can also generate many different realistic, simulated atmospheric profiles.	A	Monte	Carlo	procedure	
utilizing correlative techniques with the daily variability of the atmospheric parameters has been used to construct 
the individual atmospheric profiles.
 The GRAM-07 model has been computerized and is available to give these variables and their structure  
as a function of the three spatial coordinates—latitude, longitude, and altitude—and of the time domain—monthly. 
The GRAM-07 model is a composite of other atmospheric models melded together with new techniques to join 
models and simulate perturbations. The GRAM-07 computer program is available from the Natural Environments 
Branch,	Engineering	Directorate,	NASA	Marshall	Space	Flight	Center,	Huntsville,	AL	35812.
3.8.3  Atmospheric Model for Simulation
 A National Aero-Space Plane (NASP) Integrated Atmospheric Model (NIAM) (ref. 3-23) was developed 
at NASA Ames Research Center/Dryden Flight	Research	Center	under	guidance	from	MSFC,	for	NASP	engi-
neering design and flight	simulation studies. The NIAM is based on an earlier version of GRAM, but has been 
expanded	to	incorporate	other	specific,	realistic	atmospheric	thermodynamic	and	wind (turbulence) perturbations. 
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NIAM	is	specific	to	NASP	and	was	developed	for	real-time	simulations, but is also appropriate for use in NASP 
offline	control,	structure,	and	propulsion	subsystem	design activities, and in batch simulations. It was developed 
to	simulate	ascent,	cruise,	and	descent	of	the	X-30.
3.9  Atmospheric Orbital Altitude Model
 General environmental criteria for NASA orbital studies are given in reference 3-22. The atmospheric 
model baselined to be used in all space station design studies is the MET (refs. 3-24 through 3-26). A good 
description	of	the	upper	atmospheric	variations	that	have	been	programmed	into	the	MSFC	orbital altitude atmo-
spheric model can be obtained from references 3-22 and 3-28. The above-mentioned GRAM-07 model (ref. 3-9) 
also has the NASA MET-2007 model within its upper structure above 120-km altitude. This 2007 version of the 
NASA Marshall Engineering Thermospheric Model (MET-2007) is described in reference 3-29.
 Like previous versions of MET, the 2007 model consists of a computer program and subroutines which 
provide information on atmospheric properties for the altitude range 90 to 2,500 km as a function of latitude, 
longitude,	time,	and	solar	flux	and	geomagnetic	indices.	For	a	given	latitude,	longitude,	and	time,	the	MET-2007	
model yields values for the following parameters: exospheric temperature (K); local temperature (K); N2 number 
density (m–3); O2 number density (m–3); O number density (m–3); Ar number density (m–3); He number density
(m–3); H number density (m–3); average molecular weight (kg/kmol); total mass density (kg/m3); total pressure 
(Pa);	ratio	of	specific	heats;	pressure	scale	height	(m);	specific	heat	at	constant	pressure	(J/kg	K);	and	specific	heat	
at constant volume (J/kg K). MET-2007 retains the capability of the previous version (MET-2.0) but also contains 
several improvements which include the following:
• Corrections for inconsistency between constituent number density and mass density.
• Representation of gravity above an oblate spheroid Earth shape, rather than using a spherical Earth  
 approximation. 
• Treatment of day of year as a continuous variable in the semiannual term, rather than as an integer day.
• Treatment of year as either 365 or 366 days in length (as appropriate), rather than all years having length  
 365.2422 days. 
• Allows continuous variation of time input, rather than limiting time increments to integer minutes. 
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	 w	 =	 Wien’s	displacement	constant	(2,898	µm	K)
	 lmax	 =	 wavelength	of	maximum	radiation	intensity	for	the	blackbody














































































































































































































































































































*Note: Lines indicate change in wavelength interval of integration.  
l = wavelength (μm); El = solar spectral irradiance averaged over small 
bandwidth centered at l (1/W2m); and Do–l = percentage of the solar constant 
(ASTM value = 1,366.1 W/m2) associated with wavelengths shorter than l.
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*Diffuse radiation, associated with total horizontal solar radiation extremes.




























	 IDb	 =	 intensity	of	direct	solar	radiation	on	an	approximately	south-facing	surface	with	tilt	angle	b	
	 IDH	 =	 direct	horizontal	solar	radiation	=	ITH	–	IdH
	 a	 =	 Sun’s	azimuth	measured	from	the	south	direction	(toward	west	positive)
	 θ	 =	 solar	zenith	angle	=	angle	between	local	zenith	and	direction	to	Sun




































































































	 IDN(Z)	 =	 intensity	of	solar	radiation	normal	to	surface	at	required	height	Z
	 IDN(0)	 =	 intensity	of	solar	radiation	normal	to	surface	at	the	Earth’s	surface	assuming	clear	skies	
	 rZ		 =	 atmospheric	density	at	required	height	(from	1976	U.S.	Standard	Atmosphere,	1966	U.S.	
	 	 	 Standard	Atmosphere	Supplements,	or	this	document)	(kg/m3)
	 rS		 =	 atmospheric	density	at	sea	level	(from	U.S.	Standard	Atmospheres,	U.S.	Standard	Atmosphere	
	 	 	 Supplements,	or	this	document)	(kg/m3)




















Wind Speed at 
18-m Height
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Ship transportation (West Coast, 


















































(a) The extreme maximum and minimum temperatures will be encountered during periods of wind speeds less than ≈1 m/s.
(b) Based on daily extreme (maximum or minimum) observations for worst month.
(c) Sky temperature limits for shuttle launch at KSC and VAFB as given in NSTS 07700, appendix 10.10, are 50 °F for a design high 
 and –30 °F for a design low.
(d) Includes extreme temperature observations at Canoga Park Pierce College, CA.
(e) Includes extreme temperature observations at Thiokol Plant 78/Thiokol Propulsion FS, UT.
(f) Applies for the Michoud Assembly Facility (New Orleans, LA) and the Slidell Computer Complex (Slidell, LA). Note, the extreme  
 minimum temperature for Slidell is –13.3 °C (8 °F).
(g) Includes extreme temperature observations at Picayune, MS.
(h) Includes extreme temperature observations at Houston Hobby Airport, TX.
(i) Also applies for Northrup Strip. Includes extreme temperature observations at Alamogordo and Holloman AFB, NM. Note, the nearby  


































Percent Solar Radiation 






















































































Sum = Average Emittance = 0.425


























	 TS	 =	 surface	temperature	(K)
	 TA	 =	 air	temperature	(K)
	 E	 =	 emittance	of	surface
	 DTBS	 =	 surface	temperature	differential	producing	an	increase	in	blackbody	temperature	(K)	
	 	 	 from	daytime	solar	radiation	(plus);	or	a	decrease	in	blackbody	temperature	(K)	from	day	
	 	 	 or	nighttime	sky	radiation	(minus),	calculated	from







	 ITS	 =	 total	radiation	(solar	by	day)	(sky	for	night)	received	at	surface.	These	values	can	be	extremes		
	 	 	 from	tables	4-6	through	4-10.
	 σ	 =	 Stefan-Boltzmann	constant	
	 	 	 =	 5.670×10–8	W/m2	K4
	 	 	 	 =	 1.714×10–9	Btu/hr	ft2	K4


























































Surface Temperature Differential (°C)








Surface Temperature Differential (°C)
Clear Night Clear Day
Wind Speed (m/s) Wind Speed (m/s)
0 2 4 10 20 0 2 4 10 20
Correction Factor Correction Factor






































































































































































Note: Values are given for solar absorptivity and an emittance value of 1;, i.e., blackbody. Temperature differences  
for other emittance can be determined by multiplying tabular value by the appropriate emittance.
4-21
	 If	a	correction	for	wind	speed	is	desired,	equation	(4.11)	can	be	written	as





	 f fw walt alt sea level= ( )r r/ . 		 (4.14)	
























4.5.5  Computation of Surface Temperature From Several Simultaneous Radiation Sources
	 If	a	blackbody	has	several	radiation	sources	(Ii)	and	no	forced	or	natural	convection	(calm	wind),		
then	the	total	radiation	balance	can	be	computed	from	the	Stefan-Boltzmann	law:
	 σT I i ni
i
n
4 1 2 3= =∑ , , ,... . 	 (4.15)	
































































	 DT T TBS A= − , 	 (4.18)	
	 f ww =


















































Annual Maximum Temperature Annual Minimum Temperature (a),(b)

























































































































(a) Many KSC minimum temperatures are representative of the January 21–22, 1985, cold spell. This cold  
spell altered most minimum temperature values. These values given represent annual extreme  
conditions, but can also be used in a continuous 24-hr cycle of extreme KSC cold temperature conditions  
starting at 9 a.m. January 21 (25 °F) through 8 a.m. January 22 (22 °F). The minimum values given for  
1400 through 1800, 2100, and 2200 are not representative of the January 1985 cold spell. Cold spell values 
 for these hours in January 21, 1985, are presented in brackets to the right. Note that the envelope  
of maximum and minimum values cannot be used in a continuous time cycle. They are an envelope  
of maximum and minimum values for the period of record used in the analysis.
(b) Note that the minimum temperature of record for this location, as given in table 4–10, is –7.2 °C (19 °F).









4.6.5  Compartment Temperatures


















































































































































*Recommended for use in solid rocket motor propellant bulk temperature predictions for design analyses. See (ref. 4-16) Natural Environment Design 











4.7  Data on Air Temperature Distribution With Altitude
	 Data	on	the	vertical	distribution	of	air	temperature	(external	to	compartment)	are	given	in	section	3.4.1.
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5.  UNITED STATES AND WORLD SURFACE EXTREMES

































5.1.3  Extreme Design Environments
	 The	values	of	extreme	maxima	and	minima	in	this	section	are	for	recommended	design	guidelines	and	
may or may not reflect extrapolation (theoretical or otherwise) of actual measured values over the available period 
of	record.
	 5.1.3.1  Air Temperature.		The	distribution	of	extreme	maximum	air	temperatures	in	the	United	States		


















































	 T T° = ° −( )C F59 32 . 	
	 To	estimate	the	temperature,	 Tˆ ,	that	is	less	than	or	equal	to	a	probability,	p,	(corresponding	to	the	normal	
distribution) from figures 5-3 and 5-4, find from the appropriate figure, by interpolation as needed, the mean	tem-
perature,	T 	and	the	standard	deviation,	ST.	Then,	substitute	these	in	equation	(5.1):




























































































































































































































	 5.1.3.2  Snowfall/Snow Load.		Figures	5-5	and	5-6	show	the	maximum	depth	of	snow	and	the	corre-
sponding	snow	loads	for	the	contiguous	United	States.	Figure	5-5	shows	the	maximum	depth	for	a	24-hr	period;	
figure 5-6 shows the maximum depth and the corresponding snow	loads	for	a	snow	period.	The	extreme	value	







































































	 5.1.3.3  Hail.		The	distribution	of	maximum-sized	hailstones	in	the	United States is shown in figure 5-7. 
The	sizes are for single hailstones and not conglomerates of several hailstones frozen together. The heaviest offi-
cially	recorded	hailstone	in	the	United	States	weighed	757	g	(1.67	lb)	and	fell	September	3,	1970,	at	Coffeyville,	
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Elevation Above Mean Sea Level (m) 
Figure	5-10.		Extreme	pressure	values	versus	elevation	for	Western	United	States.
5-12























































































5.2  World Surface Extremes
	 Section	5.2	provides	world	extreme	values	for	atmospheric	temperature,	dewpoint,	precipitation,	pressure,	
and	wind	speed.














5.2.2  World Extremes Over Continents
 To present all the geographic extremes properly, many maps similar to figures 5-14 and 5-15 would 	
be	required.	Therefore,	only	worldwide	extremes	of	each	parameter	will	be	discussed,	and	available	references		
on	each	parameter	will	be	given.	Individual	geographic	extremes	will	be	mentioned	when	pertinent.





















































*The	validity	of	these	temperatures has been questioned; see reference 5-4.
	 During	the	daytime,	temperatures	at	the	ground	are	normally	hotter	than	the	air	temperatures.	In	Loango,	
Congo,	Africa,	ground	temperatures	as	high	as	82	°C	(180	°F)	have	been	measured.	At	Stuart,	Australia,		




















































































































































































Extreme Wind Speeds (m/s)*†
Risk (%)
Planned Lifetime (yr)
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6.3  Vapor Concentration











































1,000 mb 850 mb 700 mb 500 mb 400 mb 100 mb 50 mb 10 mb 1 mb
313 7.378+1 5.119+1 4.980+1 5.941+1 7.361+1 1.080+2 1.411+2 ** ** ** **
308 5.624+1 3.963+1 3.725+1 4.427+1 5.456+1 7.910+1 1.020+2 8.008+2 ** ** **
303 4.243+1 3.038+1 2.769+1 3.282+1 4.029+1 5.786+1 7.399+1 4.590+2 ** ** **
298 3.167+1 2.305+1 2.044+1 2.417+1 2.959+1 4.219+1 5.363+1 2.886+2 ** ** **
293 2.337+1 1.730+1 1.495+1 1.766+1 2.156+1 3.059+1 3.870+1 1.899+2 5.462+2 ** **
288 1.704+1 1.283+1 1.083+1 1.278+1 1.557+1 2.201+1 2.775+1 1.279+2 3.217+2 ** **
283 1.227+1 9.399 7.762 9.146 1.113+1 1.569+1 1.973+1 8.707+1 2.024+2 ** **
278 8.719 6.797 5.495 6.471 7.870 1.107+1 1.389+1 5.946+1 1.314+2 ** **
273 273 6.108 4.847 3.839 4.519 5.492 7.710 9.664 4.049+1 8.659+1 9.764+2 **
268 268.6 4.215 3.407 2.644 3.112 3.780 5.300 6.637 2.739+1 5.728+1 4.533+2 **
263 264.1 2.863 2.358 1.794 2.110 2.562 3.590 4.492 1.834+1 3.779+1 2.495+2 **
258 259.6 1.912 1.605 1.197 1.408 1.709 2.393 2.993 1.213+1 2.474+1 1.470+2 **
253 255.1 1.254 1.074 7.847–1 9.227–1 1.120 1.568 1.960 7.903 1.601+1 8.919+1 **
248 250.5 8.070–1 7.047–1 5.048–1 5.936–1 7.204–1 1.008 1.260 5.603 1.021+1 5.461+1 **
243 245.8 5.088–1 4.534–1 3.182–1 3.742–1 4.540–1 6.352–1 7.938–1 3.183 6.397 3.335+1 6.443+2
238 241.2 3.139–1 2.856–1 1.963–1 2.308–1 2.801–1 3.918–1 4.896–1 1.960 3.931 2.016+1 2.846+2
233 236.5 1.891–1 1.757–1 1.183–1 1.390–1 1.687–1 2.360–1 2.948–1 1.179 2.362 1.199+1 1.450+2
273 273 6.107 4.847 3.839 4.518 5.492 7.709 9.668 4.048+1 8.658+1 9.759+2 **
267.3 268 4.015 3.246 2.518 2.963 3.599 5.047 6.322 2.604+1 5.433+1 4.722+2 **
261.8 263 2.597 2.139 1.627 1.913 2.324 3.255 4.075 1.660+1 3.409+1 2.182+2 **
256.2 258 1.652 1.387 1.034 1.216 1.476 2.067 2.592 1.045+1 2.126+1 1.231+2 **
250.8 253 1.032 8.835–1 6.456–1 7.592–1 9.214–1 1.289 1.613 6.490 1.311+1 7.158+1 **
245.3 248 6.323–1 5.521–1 3.955–1 4.650–1 5.643–1 7.895–1 9.872–1 3.961 7.969 4.199+1 **
239.9 243 3.798–1 3.385–1 2.375–1 2.792–1 3.388–1 4.740–1 5.926–1 2.373 4.763 2.456+1 3.809+2
234.6 238 2.233–1 2.032–1 1.396–1 1.642–1 1.993–1 2.787–1 3.483–1 1.393 2.791 1.420+1 1.788+2
229.3 233 1.283–1 1.192–1 8.026–2 9.434–2 1.144–1 1.600–1 2.001–1 7.996–1 1.601 8.084 9.154+1
224.1 228 7.198–2 6.836–2 4.503–2 5.293–2 6.422–2 8.981–2 1.122–1 4.483–1 8.970–1 4.510 4.824+1
223 3.935–2 3.821–2 2.463–2 2.895–2 3.512–2 4.910–2 6.135–2 2.450–1 4.901–1 2.457 2.548+1
218 2.092–2 2.078–2 1.309–2 1.539–2 1.867–2 2.611–2 3.261–2 1.302–1 2.604–1 1.304 1.329+1
213 1.080–2 1.098–2 6.761–3 7.947–3 9.640–3 1.347–2 1.684–2 6.723–2 1.344–1 6.725–1 6.791
208 5.006–3 5.627–3 3.386–3 3.979–3 4.826–3 6.749–3 8.427–3 3.365–2 6.728–2 3.362–1 3.381
203 2.615–3 2.784–3 1.639–3 1.926–3 2.336–3 3.265–3 4.076–3 1.628–2 3.254–2 1.627–1 1.631
198 1.220–3 1.334–3 7.646–4 8.986–4 1.090–3 1.524–3 1.902–3 7.593–3 1.518–2 7.590–2 7.597–1
193 5.472–4 6.138–4 3.423–4 4.023–4 4.882–4 6.828–4 8.530–4 3.406–3 6.810–3 3.404–2 3.405–1
188 2.353–4 2.710–4 1.472–4 1.730–4 2.099–4 2.936–4 3.668–4 1.465–3 2.928–3 1.464–2 1.464–1

































































































Loss of 3.8 g/m3 of Liquid Water
Gain of 3.8 g/m3 of Liquid Water







































































Time From Start of Cycle (hr)
Loss of 5 g/m3
of Liquid Water













































































































With Maximum Vapor 
Concentration
(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC
(0.005	m.s.l.)
(16) 27 11.8 30.5 87
1 3,300 19 8.8 24.5 76
2 6,600 13.3 5.8 18 64
3 9,800 9.3 4.1 12 54
4 13,100 6.3 2.8 5.5 42
5 16,400 4.5 2 –0.5 31
6 19,700 2.9 1.3 –6.8 20
7 23,000 2 0.9 –13 9
8 26,200 1.2 0.5 –20 –4
9 29,500 0.6 0.3 –27 –17
10 32,800 0.3 0.1 –34.5 –30
16.2 53,100 0.025 0.01 –57.8 –72









(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC
(1.2	m.s.l.)
(3,989) 16 7 21.5 71
2 6,600 13.2 5.8 18.9 66
3 9,800 9 3.9 12.8 55
4 13,100 6.8 3 7.8 46
5 16,400 4.9 2.1 2.2 36
6 19,700 3.4 1.5 –2.2 28
7 23,000 2.2 1 –10 14
8 26,200 1.3 0.6 –16.1 3
9 29,500 0.6 0.3 –22.8 –9
10 32,800 0.2 0.1 –30 –22
16.5 54,100 0.08 0.03 –47.8 –54






With Maximum Vapor 
Concentration
(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC
(0.113	m.s.l.)
371 17.5 7.6 30.5 87
1 3,300 14.8 6.5 24.2 76
2 6,600 10.0 4.4 20.6 69
3 9,800 7.5 3.3 11.0 52
4 13,100 5.0 2.2 4.7 41
5 16,400 3.7 1.6 –1.4 30
6 19,700 2.3 1.0 –8.1 17
7 23,000 1.6 0.7 –12.5 10
8 26,200 0.8 0.3 –20.2 –4
9 29,500 0.4 0.2 –28.2 –19
10 32,800 0.2 0.1 –34.3 –30
6-13











With Minimum Vapor 
Concentration
(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC	
(0.005	m.s.l.)
(16) 1.5 0.7 7 45
1 3,300 0.5 0.2 6 42.8
2 6,600 0.2 0.1 0 32
3 9,800 0.1 0.04 –11 12.2






With Minimum Vapor 
Concentration
(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC
(1.2	m.s.l.)
(3,989) 1.2 0.5 –1 30
2 6,600 0.9 0.4 –5 23
3 9,800 0.6 0.3 –12 10
4 13,100 0.4 0.2 –20 –4
5 16,400 0.2 0.1 –26 –15
6 19,700 0.1 0.04 –36 –33
7 23,000 0.09 0.03 –42 –44
8 26,200 0.07 0.03 –49 –56
9 29,500 0.03 0.01 –55 –67







With Minimum Vapor 
Concentration
(km) (ft) (g/m3) (gr/ft3) (°C) (°F)
SFC
(0.113	m.s.l.)
371 1.6 0.7 4.5 40
1 3,300 0.7 0.3 –1.4 30
2 6,600 0.4 0.2 –7.5 19
3 9,800 0.3 0.1 –12.6 9
4 13,100 0.1 0.04 –19.4 –3
5 16,400 0.07 0.03 –27.3 –17
6 19,700 0.03 0.01 –35.1 –31
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and	rainfall can be torrential. The counterpart in the Western Pacific is the typhoon.
	 (6)		Orographic	effects—Orographic	effects	should	not	be	overlooked	in	a	discussion	of	rainfall.	Hilly	or	
mountainous islands located in persistently moist air flow regions receive extreme	rainfall	as	a	result	of	the	moist	
air	being	lifted	to	the	condensation	level	(frequently	2,000-	to	5,000-ft	altitude).	This	phenomenon	accounts	for	
wide	variations	in	precipitation	amounts	between	different	locations	on	mountainous	islands.






	 R D R Dh h= ( ) = ( )363 14 3mm or in. ,	 (7.1)
where	R is	the	depth	of	rainfall	in	millimeters	or	inches	for	period	D	(duration),	and	Dh	is	the	duration	of	rainfall	
in hours. Due to the lack of sufficient objective data at less than ≈20-min	duration,	much	greater	scatter	in	indi-
vidual	measurements	is	observed,	which	reduces	the	reliability	in	this	region	of	the	graph.	World	precipitation	
extremes	are	also	discussed	in	section	5.2.2.3.
	 7.2.2.1  Global Rain Climate Regions.		Crane	and	Blood	(ref.	7-4)	provided	an	analysis	and	associated	
model	to	estimate	rain	rate	distributions	for	worldwide	rain	rate	climate	regions.	The	rain	rate	climatic	regions		





























































































Silver Hill, Jamaica 11/4–11/1909
Funkiko, Formosa 7/18–20/1913
Cilaos, La Re’ union Island 3/15–16/1952
Thrall, TX 9/9–10/1921
Smethport, PA 7/18/1942
Basseterre St. Kitts, W.I. 1/12/1880
Rockport, WV 7/18/1889
Guinea, VA 8/24/1906
Curtea De Arges, Romania 7/7/1889
Fussen, Bavaria 5/25/1920
Galveston, TX 6/4/1871
Porto Bello, Panama 11/29/1911
Haughton Grove, Jamaica 9/30/1925
Unionville, MD 7/4/1956
OPID’s Camp, CA 4/5/1926

















	 7.2.2.3  U.S. 24-hr Precipitation Extremes.		The	state	record	for	the	most	extreme	24-hr	U.S.	precipita-
tion	is	given	in	figure	7-4,	along	with	the	location	for	such	event	(ref.	7-7).






Rain Rate Climate Regions


























































Rain Rate Exceeded. 






A B B1 B2 C D1 D2 D3 E F G H
0.001 5 min 28.1 52.1 42.6 63.8 71.6 86.6 114.1 133.2 176.0 70.7 197.0 542.6
0.002 11 min 20.9 41.7 32.7 50.9 58.9 69.0 88.3 106.6 145.4 50.4 159.6 413.9
0.003 16 min 17.5 36.1 27.8 43.8 50.6 60.4 75.6 93.5 130.0 41.4 140.8 350.3
0.005 26 min 13.8 29.2 22.3 35.7 41.4 49.2 62.1 78.7 112.0 31.9 118.0 283.4
0.01 1 hr 9.9 21.1 16.1 25.8 29.5 36.2 46.8 61.6 91.5 22.2 90.2 209.3
0.02 1.8 hr 6.9 14.6 11.3 17.6 19.9 25.4 34.7 47.0 72.2 15.0 66.8 152.4
0.03 2.6 hr 5.5 11.6 9.0 13.9 15.6 20.3 28.6 39.9 62.4 11.8 55.8 125.9
0.05 4 hr 4.0 8.6 6.8 10.3 11.5 15.3 22.2 31.6 50.4 8.5 43.8 97.2
0.1 9 hr 2.5 5.7 4.5 6.8 7.7 10.3 15.1 22.4 36.2 5.3 31.3 66.5
0.2 18 hr 1.5 3.8 2.9 4.4 5.2 6.8 9.9 15.2 24.1 3.1 22.0 43.5
0.3 26 hr 1.1 2.9 2.2 3.4 4.1 5.3 7.6 11.8 18.4 2.2 17.7 33.1
0.5 44 hr 0.5 2.0 1.5 2.4 2.9 3.8 5.3 8.2 12.6 1.4 13.2 22.6
1 88 hr 0.2 1.2 0.8 1.4 1.8 2.2 3.0 4.6 7.0 0.6 8.4 12.4
2 7.3 day 0.1 0.5 0.4 0.7 1.1 1.2 1.5 2.0 3.3 0.2 5.0 5.8
3 11 day 0.0 0.3 0.2 0.4 0.6 0.6 0.9 0.8 1.8 0.1 3.4 3.3
5 18.3 day 0.0 0.2 0.1 0.2 0.3 0.2 0.3 0.0 0.2 0.1 1.8 1.1 
Region Category:
	 Region	A	=	Polar	tundra	(dry)	 Assuming	the	Following	 (See	figure	7-5	for	actual	design
 Region B = Polar taiga (moderate) Precipitation	Type	&	Rate: rainfall	rates.	Figure	7-6	also
	 Region	C	=	Temperate	meritime	 	 Drizzle	=	0.25	mm/hr	 gives	similar	definitions	of	rain
	 Region	D1	=	Temperate	continental	(dry)	 	 Light	rain	=	1	mm/hr	 intensity	categories	as	above,
	 Region	D2	=	Temperate	continental	(mid)	 	 Moderate	rain	=	4	mm/hr	 but	versus	drop	diameter.)
	 Region	D3	=	Temperate	continental	(wet)	 	 Heavy	rain = 16 mm/hr
	 Region	E	=	Subtropic	(wet)	 	 Thunderstorm	=	35	mm/hr
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100-yr Return Period—Tampa, FL
100-yr Return Period—Jacksonville, FL
100-yr Return Period—San Luis Obispo, CA
5-yr Return Period—New Orleans, LA
5-yr Return Period—Jacksonville, FL
Maximum of Record Near 
Kennedy Space Center
Design Curve—VAFB
Design Curve—Kennedy Space Center
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Total Accumulation Raindrop Size
(mm/hr) (in/hr) (mm) (in)
Average Largest
(mm) (in) (mm) (in)
1 min 492 19.4 8 0.3 2.0 0.08 6.0 0.24
5 min 220 8.7 18 0.7 2.0 0.08 5.8 0.23
15 min 127 5.0 32 1.25 2.0 0.08 5.7 0.22
1 hr 64 2.5 64 2.5 2.0 0.08 5.0 0.20
6 hr 26 1.0 156 6.1 1.8 0.07 5.0 0.20
12 hr 18 0.7 220 8.7 1.6 0.06 4.5 0.18
24 hr 13 0.5 311 12.2 1.5 0.06 4.5 0.18






Total Accumulation Raindrop Size
(mm/hr) (in/hr) (mm) (in)
Average Largest
(mm) (in) (mm) (in)
1 min 787 31.0 13 0.5 2.1 0.08 6.0 0.24
5 min 352 13.9 29 1.2 2.0 0.08 6.0 0.24
15 min 203 8.0 51 2.0 2.0 0.08 5.7 0.22
1 hr 102 4.0 102 4.0 2.0 0.08 5.5 0.22
6 hr 41 1.6 249 9.8 1.9 0.07 5.0 0.20
12 hr 29 1.2 352 13.9 1.8 0.07 5.0 0.20
24 hr 21 0.8 498 19.6 1.6 0.06 5.0 0.20






















Total Accumulation Raindrop Size
(mm/hr) (in/hr) (mm) (in)
Average Largest
(mm) (in) (mm) (in)
1 min 197 7.7 3 0.1 2.0 0.08 5.6 0.22
5 min 88 3.5 7 0.3 2.0 0.08 5.3 0.21
15 min 51 2.0 13 0.5 2.0 0.08 5.0 0.20
1 hr 25 1.0 25 1.0 1.8 0.07 5.0 0.20
6 hr 10 0.4 62 2.4 1.5 0.06 4.6 0.18
12 hr 7 0.3 88 3.5 1.3 0.05 4.3 0.17
24 hr 5 0.2 124 4.9 1.3 0.05 4.0 0.16








Total Accumulation Raindrop Size
(mm/hr) (in/hr) (mm) (in)
Average Largest
(mm) (in) (mm) (in)
1 min 2,813 110.8 47 1.8 2.5 0.10 8.0 0.31
5 min 1,258 49.5 105 4.1 2.2 0.09 8.0 0.31
15 min 726 28.6 182 7.1 2.1 0.08 8.0 0.31
1 hr 363 14.3 363 14.3 2.0 0.08 8.0 0.31
6 hr 148 5.8 890 35.3 2.0 0.08 5.8 0.23
12 hr 105 4.1 1,258 49.5 2.0 0.08 5.5 0.22
24 hr 74 2.9 1,779 70.1 2.0 0.08 5.2 0.20
 *Use average rate	of	fall	for	raindrops	of	6.5	m/s	for	all	time	periods.
Table	7-7.		Constants	(C)	to	use	with	equation	(7.2)	for	rainfall	rates	at	various	sites.
KSC, Huntsville New Orleans VAFB, EAFB, and WSMR
World
Extremes
C	(for	mm/hr)	 491.87 786.99 196.75 2,813.48
C	(for	in/hr)	 19.365 30.984 7.746 110.767




Jan. % Feb. % March % Apr. % May % June %(mm) (in)
0.00 0.00 68.1 60.8 62.2 70.6 64.2 54.7
Trace Trace 77.1 71.4 71.3 80.0 76.2 65.7
0.25 0.01 79.0 74.3 72.5 82.7 79.4 68.4
1.27 0.05 84.8 79.4 77.5 86.6 84.7 74.1
2.54 0.10 87.1 82.3 81.6 89.3 89.4 75.8
6.35 0.25 90.0 85.8 87.8 93.5 92.9 82.8
12.70 0.50 93.9 91.6 91.6 95.9 96.4 90.8
25.40 1.00 97.1 96.1 96.3 98.0 99.3 97.1
63.50 2.50 99.4 100.0 99.5 99.5 100.0 99.8
127.00 5.00 100.0 100.0 99.8 99.8 100.0 100.0
Amount
July % Aug. % Sept. % Oct. % Nov. % Dec. %(mm) (in)
0.00 0.00 56.8 52.6 40.0 47.4 62.1 64.2
Trace Trace 65.8 63.9 53.9 61.6 74.2 78.1
0.25 0.01 68.4 66.2 57.5 63.9 77.2 81.0
1.27 0.05 73.2 69.4 62.7 72.0 83.9 86.8
2.54 0.10 75.8 74.9 67.9 76.8 86.9 89.4
6.35 0.25 83.5 80.7 75.8 85.5 90.8 93.3
12.70 0.50 88.3 88.4 83.7 91.3 92.6 96.5
25.40 1.00 93.8 93.6 92.2 95.5 96.2 99.1
63.50 2.50 99.6 99.7 97.4 99.4 99.2 100.0
127.00 5.00 99.6 100.0 99.8 99.7 99.5 100.0

















Jan. % Feb. % March % Apr. % May % June %(mm) (in)
0.00 0.00 81.7 81.8 82.6 86.7 95.1 98.8
Trace Trace 88.0 88.9 89.6 93.8 98.6 99.5
0.25 0.01 88.9 89.5 91.3 94.8 99.0 99.5
1.27 0.05 91.7 92.1 93.8 96.4 99.1 99.5
2.54 0.10 93.5 93.5 95.5 97.6 99.4 99.5
6.35 0.25 96.9 95.6 98.0 99.0 100.0 99.9
12.70 0.50 98.8 98.3 99.1 99.6 100.0 100.0
25.40 1.00 99.8 99.6 99.8 100.0 100.0 100.0
63.50 2.50 100.0 100.0 99.9 100.0 100.0 100.0
127.00 5.00 100.0 100.0 100.0 100.0 100.0 100.0
Amount
July % Aug. % Sept. % Oct. % Nov. % Dec. %(mm) (in)
0.00 0.00 94.7 95.2 94.6 93.0 89.8 85.2
Trace Trace 99.0 98.1 97.8 95.8 94.2 90.8
0.25 0.01 99.3 98.1 98.2 96.1 94.4 91.4
1.27 0.05 99.7 98.9 98.9 97.2 96.4 93.7
2.54 0.10 99.7 99.3 98.9 98.2 97.0 94.9
6.35 0.25 100.0 99.6 99.2 99.2 98.4 96.7
12.70 0.50 100.0 99.9 99.8 99.6 99.3 99.0
25.40 1.00 100.0 100.0 99.9 99.7 100.0 99.9
63.50 2.50 100.0 100.0 100.0 100.0 100.0 100.0
127.00 5.00 100.0 100.0 100.0 100.0 100.0 100.0


















Jan. % Feb. % March % Apr. % May % June %(mm) (in)
0.00 0.00 69.4 70.4 61.7 70.4 71.8 70.0
Trace Trace 79.1 75.9 72.2 80.4 94.0 94.8
0.25 0.01 81.1 76.9 74.6 82.5 96.8 97.7
1.27 0.05 83.5 81.4 83.9 87.9 98.0 100.0
2.54 0.10 88.3 84.4 85.9 90.8 98.8 100.0
6.35 0.25 91.5 90.4 91.5 95.4 99.6 100.0
12.70 0.50 95.1 94.4 96.3 97.5 100.0 100.0
25.40 1.00 98.3 96.9 98.7 99.2 100.0 100.0
63.50 2.50 99.9 99.9 99.5 100.0 100.0 100.0
127.00 5.00 100.0 100.0 99.9 100.0 100.0 100.0
Amount
July % Aug. % Sept. % Oct. % Nov. % Dec. %(mm) (in)
0.00 0.00 62.4 63.4 77.9 79.4 73.3 73.8
Trace Trace 98.2 94.9 95.4 95.1 82.6 80.6
0.25 0.01 98.9 98.1 95.8 95.5 83.3 83.1
1.27 0.05 100.0 98.8 97.5 95.9 85.9 87.4
2.54 0.10 100.0 99.5 97.9 96.7 87.4 89.2
6.35 0.25 100.0 99.9 98.7 97.5 90.0 93.5
12.70 0.50 100.0 100.0 99.9 98.7 94.4 97.1
25.40 1.00 100.0 100.0 100.0 99.5 98.8 99.6
63.50 2.50 100.0 100.0 100.0 99.9 99.9 100.0


















Jan. % Feb. % March % Apr. % May % June %(mm) (in)
0.00 0.00 77.1 70.2 73.6 79.7 75.9 72.2
0.25 0.01 77.7 71.1 74.1 79.9 76.4 72.6
1.27 0.05 80.9 74.5 78.1 81.9 78.0 77.7
2.54 0.10 85.7 76.4 81.0 83.6 82.9 82.3
5.08 0.20 89.1 80.4 82.8 87.0 86.5 85.3
12.70 0.50 94.0 88.8 88.6 91.2 92.2 90.3
25.40 1.00 97.4 93.8 92.9 95.3 95.6 93.8
50.80 2.00 98.9 97.8 97.9 97.8 99.0 98.8
127.00 5.00 99.7 99.7 99.7 100.0 100.0 100.0
254.00 10.00 100.0 100.0 100.0 100.0 100.0 100.0
Amount
July % Aug. % Sept. % Oct. % Nov. % Dec. %(mm) (in)
0.00 0.00 54.5 70.1 69.2 84.4 83.4 77.6
0.25 0.01 55.8 71.3 71.1 85.6 84.7 78.2
1.27 0.05 61.4 74.4 76.3 88.2 85.7 80.7
2.54 0.10 67.4 79.3 79.2 90.5 87.4 83.2
5.08 0.20 73.3 83.5 84.4 93.4 89.4 85.2
12.70 0.50 81.5 92.4 90.3 96.0 94.0 91.9
25.40 1.00 91.5 95.7 94.5 98.0 97.3 95.2
50.80 2.00 96.7 98.2 98.0 99.7 98.3 99.4
127.00 5.00 100.0 100.0 99.0 100.0 99.7 99.7






(mm) (in) (mm/hr) (in/hr) (mm) (in) (mm/hr) (in/hr) (mm) (in) (mm/hr) (in/hr)
5 min 5.6 0.22 66.0 2.6 18.0 0.72 221.0 8.7 25.0 1.00 305.0 12.0
15 min 5.8 0.23 24.0 0.93 22.0 0.88 89.0 3.5 33.0 1.30 132.0 5.2
1 hr 6.4 0.25 6.4 0.25 30.0 1.17 30.0 1.17 49.0 1.93 49.0 1.93
6 hr 7.1 0.28 1.3 0.05 39.0 1.55 6.6 0.26 81.0 3.18 13.0 0.53
24 hr 10.9 0.43 0.5 0.02 67.0 2.62 2.8 0.11 127.0 5.00 5.3 0.21




For All Four Locations* For World Extremes†
Height (Geometric)




(%)(km) (mi) (km) (mi)
SFC SFC 100 SFC SFC 100
1 0.6 90 2 1.2 100
2 1.2 75 4 2.5 100
3 1.9 57 6 3.7 100
4 2.5 34 8 5.0 74
5 3.1 15 10 6.2 51
6 3.7 7 12 7.5 35
7 4.3 2 14 8.7 22
8 5.0 1 16 9.9 11
9 5.6 0.1 18 11.2 3
10 and over 6 and over <0.1 20 12.4 0
	 *Summer	type	rainfall	in	temperate	latitudes	representing	2.8	through	10.3	mm/hr	
  rain rates	(ref.	7-10).
 †Mil-Std:	For	worst	month,	in	severest	rain	area,	representing	36	through	 
	 	 1,872	mm/hr	rain rates	(ref.	7-11).
Table	7-14.		Values	of	terminal	velocities	of	raindrops	(ref.	7-12).
Drop Diameter Terminal Velocity
(mm) (in) (m/s) (mph)
1 0.04 4.0 8.9
2 0.08 6.5 14.5
3 0.12 8.1 18.1
4 0.16 8.8 19.7
5 0.20 9.1 20.4
6 0.24 9.1 20.4


















Concentration per  
Unit Volume 
(cm3)
Liquid Water Content  





Range Range Rep. Range Rep. Range Rep. Range=
Layer	clouds sfc-1.5  <1–40 11 <10–10,000 500 <0.1–1 0.2 30 to –15
Layer	clouds 2.5–7.5  <1–50 12 <20–1,000 100 <0.1–1 0.2 20 to –25
Layer	clouds	 
  (ice	crystals)
7.5–15 	 <10–10,000 100 <0.1–10 0.2 <0.01–0.1 0.02 –10 to –55
Convective	clouds
Fair weather cumulus  0.5–8  <1–75 12 <10–10,000 300 <0.1–1 0.5 20 to –30
Cumulus	congestus  0.5–13  <1–200 25 <10–10,000 150 <1–10 4 20 to –55
Continuous	type	rain 	 sfc-6 	<500–3,000 1,000 <50–3,000* 500* <0.05–0.7 0.1 30 to –15
Shower	type	rain 	 sfc-13 	<500–7,000 2,000 <10–3,000* 500* <0.1–30 1 30 to –55
Coalescence	 
  (warm) rain
	 sfc-5 	<100–1,000 500 <500–50,000* 3,000* <0.05–0.1 0.1 30 to 0
Hail 	 sfc-13 	<0.01–13	cm 0.8	cm <0.5–1,000* 50* <0.1–0.9** 0.8** 30 to –55
Ice	and	snow	crystals 	 sfc-13 	<100–20,000 5,000 <1–1,000* 100* <0.001–0.7*** 0.07*** 5 to –55
	 					Rep.:	Representative	value	or	value	most	frequently	encountered.
    * Per m3




Month No. T ≤ 32 °F (%) No. T ≤ 28 °F (%)
November 1      0 0      0
December 127 0.49 48 0.18
January 214 0.82 52 0.20
February 72 0.30 10 0.04
March 18 0.07 0      0
Table	7-17.		Number	of	occurrences	and	percentage	of	hourly	KSC	precipitation	when	followed	within	6	hr	
	 by	freezing	temperatures	≤0	°C	(≤32	°F)	and	≤–2.2	°C	(≤28	°F)	(ref.	7-14).
Month No. T ≤ 32 °F (%) No. T ≤ 28 °F (%)




































Rain Drop Diameter (mm)
Drizzle (0.25 mm/hr)
Moderate Rain (5 mm/hr)
Heavy Rain (25 mm/hr)
Extremely Heavy Rain (150 mm/hr)
Figure	7-6.		Distribution	of	drop	sizes	of	rain	(ref.	7-12).








































	 –	Summer:	 Before:	32	ºC	(90	ºF)	 During:		24	ºC	(75	ºF)









(mm/hr) (in/hr) (mm) (in)
1 hr 29.7 1.17 2.97 1.17































 rain rates	given	for	each	part	of	that	1	hr.	However,	total	cycle	rainfall	accumulation	is	not	to	exceed	1.17	in	 
	 (30	mm)	(value	from	table	7-12).















































Visibility SAE/NCAR Snowfall Rate (liquid equivalent)
km mi mm/hr in/hr
Light 1 or more 5/8 or more <1 <0.04
Moderate	 <1 to 0.5 <5/8 to 5/16 1 to 2.5 0.04 to 0.1










































Half	dollar	 3.18 1 1/4
Walnut 3.81 1 1/2
Golf	ball	 4.45 1 3/4
Hen	egg	 5.08 2
Tennis	ball	 6.35 2 1/2
Baseball	 6.99 2 3/4
Grapefruit	 10.16 4
Softball 11.43 4 1/2
	 *Not	considered	severe
  Source:	NOAA—National	Weather	Service	Forecast	Office,	 
	 	Melbourne,	FL
7-21














Based on All Possible Stations










Basic Cause of Hail Days
Average Hail Day Frequency 
for Year Inside Region
Regional Hail Intensity
Peak Hail Season
A = Marine M = Macroscale O = Organic 
E = Early L = Late Fa = Fall  Su = Summer Sp = Spring W = Winter






































































































































































before	launch,	but	not	the	ET	or	SRB.	Hail extensively damaged the orbiter’s surface	TPS	tiles.	Some	of	the	dam-




	 (1)		Hail	density—How	much	does	it	vary?		(The	NASA Handbook 1001	(ref.	7-30)	only	gives	one	value,	
but	no	range.)
	 Answer:		The	value	of	0.9	g/cm3	given	in	the	NASA Handbook 1001	originated	from	the	following		




	 (2)		Hail	impact	angle—Does	it	depend	on	the	vertical	wind	profile?  If so, how much?
	 Answer:		The	question	is,	how	much	horizontal	velocity	is	imparted	by	the	wind	to	the	hail.	The	answer	
can	only	be	stated	qualitatively:		The	hailstone	essentially	integrates	the	force	of	the	wind	which	is	a	highly		
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Figure 7-14.  Probability curve for maximum hailstone size per hailfall.
Stennis Space Center. Since no direct measurements, except for the number of hail days, exist for these locations, 
for design purposes, all other items were estimated from Illinois hailpad measurements reported by Changnon 
(ref. 7-24). Hail characteristics estimated for use in evaluating hail protection needs and requirements are:
• Hailstone size—Figure 7-14 gives the risk in percent of a point hailfall producing stones larger than indicated 
sizes. For example, only 3 percent of the hailfalls at KSC will produce stones larger than 2.5 cm (1 in), while  
50 percent will produce some stones larger than 0.9 cm (0.35 in). 
• Hailstone terminal velocity—The general expression for the terminal velocity of a sphere is given in refer- 
ence 7-4. However, for quick calculations, the best estimate of hailstone terminal velocity, as reported by  
several investigators, is given by the expression:
 W K D= , (7.5)
where 
 W = terminal velocity (m/s)
 D = hailstone diameter (cm)
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Reference Height: KSC & VAFB—200 ft (61 m)











Estimated Hail Characteristics KSC VAFB EAFB Northrup MSFC Stennis
Exposure	time	risk	
				Worst	month	reference	period	(%) 1 8 5 12 17 3
				Worst	6	months	reference	period	(%) 7 41 25 53 67 18
Mean	number	of	hailstorm	days	per	year 0.1 1.1 0.6 1.5 2.2 0.4
Average	point	of	duration	of	hailfall	(min) 5 5 5 5 5 5
Average	number	of	hailstones	per	hailpad	(1	ft2) 24 24 24 24 24 24
Average density	of	hailstones	(g/cm3) 0.8 0.8 0.8 0.8 0.8 0.8
Size-diameter	and	terminal	velocity
				Representative	size	(50-percent	risk)	(cm) 0.9 0.5 0.9 0.9 0.9 0.9
    Terminal	velocity	(m/s) 11 8 11 11 11 11
				Large	size	(5-percent	risk)	(cm) 2.2 1.0 2.2 2.2 2.2 2.2
    Terminal	velocity	(m/s) 17 11.5 17 17 17 17
Horizontal	velocity—all	directions*
    Mean	speed	(m/s) 9 9 13 13 9 9
				5-percent	risk	speed	(m/s) 15 15 22 22 15 15
Months	of	max	frequency May Jan–Feb Feb–Apr May–July April Apr–May






















































Area Location Source POR No. Years No. Hailfalls/yr.
One Hailfall Event 
(in years)
County Brevard Co. MSFC 70–95 26 1.3* 0.77















Pad-Pt. LC39	 KSC 82–99† 17 0.11  9.00
			*Brevard	Co.,	FL,	hail statistics	from	1970–1995	(26	yr)	reflect	only	when	hail	was	≥1.9	cm	(≥0.75	in);	therefore,	 
       “all” hail would give higher statistics.	
		**Worst	month	from	NCDC/SOCS	is	April	and	May.
***Matches	KSC’s	SLF	value	for	annual.



















Total Hail Reports >1.9 cm (>0.75 in): 39
Total Hail Events >1.9 cm (>0.75 in): 34
Source: NOAA/NWS/County Warning 
  System Database




































































Estimate of  
Hailstone Size
(km) (ft) (cm) (in)
1.5 4,921  1.2 3.1
3.0 9,843  2.4 6.1
4.6 15,092  2.4 6.1
6.1 20,013  2.4 6.1
7.6 24,934  1.9 4.8
9.1 29,856  1.7 4.3
10.7 35,105  1.5 3.8
12.2 40,026  1.1 2.8
















































































































































Diameter	of	drops	(avg.) 10 mm 20 mm
Typical	drop	size 5 to 35 mm 7 to 65 mm
Liquid	water	content 110 mg/m3 170 mg/m3
Droplet	concentration 200	cm–3 40	cm–3
Vertical	depth:
	 Typical 100 m 200 m
 Severe 300 m 600 m
Horizontal	visibility 100 m 300 m
Figure	7-23.		Mean	annual	number	of	U.S.	days	with	fog	(visibility	≤0.4	km	(≤0.25	mi))	(NOAA/NCDC).
7.3.4  Fog at Vandenberg Air Force Base and Kennedy Space Center

























































































Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
13 10 9 7 7 6 4 6 4 7 8 12 93 Days
However,	using	all	the	fog	event	cases,	the	time	of	fog	onset	and	dissipation	are	given	in	table	7-27.
Table	7-27.		KSC	fog	onset	and	dissipation	time:		Range	and	peak	hours	(ref.	7-36).
Number of KSC Fog Cases: 335 267
Visibility Criteria
<11.3 km  
(<7 Statute Miles)
<8 km  
(<5 Statute Miles)
























Temperature of Tank Wall
Type of Ice
Density Range
Remarks(°C) (°F) (g/cm3) (lb/ft3)
–5 to 0 23 to 32 Clear ice 0.69 60 Hard,	dense	ice
–9 to –5 15 to 23 Milky	ice	or	clear	ice	 
		with	air	bubbles
0.69 to 0.85 43 to 53
Below –9 Below 15 Rime ice 0.29 to 0.40 18 to 25 Crumbly


























































































Condition Rime Ice Glaze Ice





































































Temperature	range 0 to –30 °C 0 to –30 °C	and	possibly	to	–40	°C
(32 to –22 °F) (32 to –22 °F	and	possibly	to	–40	°F)
Droplet	range 15 to 40 mm 15 to 50 mm
LWC range 0.04 to 0.8 g/m3 0.1 to 2.9 g/m3	(possibly	0.05	to	2.9	g/m3)





Pressure Altitude Range, SL–6,706 m (SL–22,000 ft)
Maximum Vertical Extent, 1,980 m (6,500 ft)
Horizontal Extent: Standard Distance of 17.4 nmi
NACA TN No.1855
Class 111-M Continuous Maximum
Source of Data
Air Temperature 0 °C (+32 °F)
–10 °C (+14 °F)
–20 °C (–4 °F)
























0 15 20 25 30 35 40
Mean Effective Drop Diameter (μm)
Figure	7-28.		Continuous	maximum	stratiform	cloud	atmospheric	icing	conditions	(ref.	7-45).
Pressure Altitude Range: 1,219–6,706 m (4,000–22,000 ft)
Horizontal Extent: Standard Distance of 2.6 nmi
NACA TN No. 1855
Class 11-M Intermittent Maximum
Source of Data
Air Temperature 0 °C (+32 °F)
–10 °C (+14 °F)
–20 °C (–4 °F)
–30 °C (–22 °F)
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Icing Risk Aloft—Cloud Type
Cloud/Precipitation Temperature (°C (°F))
High Risk Medium Risk Low Risk
Cumulus clouds 0 to –20 °C
(32 to –4 °F)
–20 to –40 °C
(–4 to –40 °F)
Less	than	–40	°C
(Less	than	–40	°F)
Stratiform	clouds 0 to –15 °C
(32 to 5 °F)
–15 to –30 °C
(5 to –22 °F)
Less	than	–30	°C
(Less	than	–22	°F)







Freezing Rain (ZR) Freezing Drizzle (ZL)
Representative Value Range Representative Value Range
RWC or DWC 
(g/m3)
RWC= 0.15 RWC= 0 to 0.3 DWC= 0.08 DWC= 0 to <0.3
Drop	size  
(diameter) 
(a) 0.25 to 4 mm (b) 50 to 500 mm
Temperature	(°C) –2  (at ground)
–7		(at	1	km)



























RWC or DWC 
(g/m3)
0.07 0.04 0.03 0.01 0.021 0.035 0.010 0.012 0.003












































































































>7,620 m (>25,000 ft)
Cirrus Clouds
Deep Winter Storms
>6,096 m (>20,000 ft)
Other Snow/Ice Clouds
<6,096 m (<20,000 ft)
Range Rep. Values Range Rep. Values Range
Rep. 









NA NA NA NA
Temperature –25 to –60 °C –25 to –35 °C –20 to –50 °C –20 to –50 °C 0 to –20 °C 0 to –20 °C –20 to –30 °C –20 to –30 °C
Ice	mass		 ≤	2.5	g/m3  1 g/m3 0 to 0.2 g/m3 0.05 g/m3 0–3 g/m3 0.6 g/m3* 0–1 g/m3 0.2 g/m3
Ice	mass 0–1 g/m3 0.4 g/m3**













Note:	The	representative	values	in	this	table	do	not	include	hail or heavy rain,	nor	graupel	or	other	large	particles	that	can	be	found	in	the	updraft	cores	
	 of	thunderstorms.	Values	for	this	table	are	based	on	analyses	of	7,600	nmi	of	select	ice	particle	measurements	in	a	variety	of	cloud	types	over	 
 the United States at altitudes	up	to	30,000	ft	above	sea level.
   *Horizontal	extent	<56	km	(<30	nmi).
 **Horizontal	extent	>56	km	(>30	nmi).
  †Cirrus	clouds.
    ‡Deep	winter	storms.
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Section 8:  Cloud Phenomena  
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8.2.2  Zenith Opacity Due to Atmospheric Water Vapor as a Function of Latitude
	 In	the	preparation	of	figure	8-3,	5	yr	of	climatological	data	from	the	Massachusetts	Institute	of	Technol-
ogy	Planetary	Circulations	project	were	used	to	obtain	mean	water	vapor	distributions	applicable	to	the	latitudes	
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Figure	8-3.		Zenith	opacity.










8.3.1  Stratospheric Clouds




























































Type Ia: HNO3*-3H2O (ice)
Type Ib: HNO3/H2SO4/H2O liquid
Type Ic: HNO3/H2O solid
Also: mixture of Ia and Ib
2 cm–3
1 to 10 cm–3 (at 20 km)
20 ppbm
0.5 µm
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From 70° to Pole
Hours to months



























































































































































Cloud heights: 81–86 km, average = 83 km
Cloud column mass: 2x10–9 to 6x10–8 gm/cm2 range
Ice particle size: 20–100 nm, with most in the 35- to 70-nm range
Ice particle concentration: 100–200 cm–3 (5- to 500-cm–3 range)
Ice particle column number: 106- to 108-cm–2 range
Water mixing ratio: 1 to 4 ppmv (up to 10–15 ppmv in the presence of cloud processing)
Temperature at cloud heights: <150 K (< –122 °C)
Temperature at mesopause height (88 km): 100 to 140 K (–172 to –132 °C)
Cloud thickness: 0.5–2.5 km












Thickness in the vertical
Vertical wave amplitude
Ambient temperature when NLCs present
Polarization
Bluish-white
82.7 km average, 95 km maximum, 79 km minimum
50° to 80°; optimum ≈60°
Mid-May through mid-August 
Mid-November through mid-February 
While the solar depression angle varies from 6° to 16°
104 to more than 4x107 km2; can cover considerable parts  
of latitudinal belts north of 45°
Several minutes to more than 5 hr
40 m/s towards the southwest*
0.5 to 2 km
1.5 to 3 km
150 K (–190 °F)
Strongly linearly polarized in same sense as, but more than, twilight sky
 *Individual bands often move in different directions and at speeds differing from the NLC display as a whole. Apparent motions 
  of NLCs across the sky are not necessarily indicative of wind	speeds,	because	wave	patterns	move	with	their	own	specific	phase	
  speeds, even at times, moving against the mean wind vector.
Table	8-4.		Mesospheric	cloud	seasonal	climatology*	(ref.	8-37).































Factors up to 4
81.5–85.5
 *Times are given in days after summer solstice.
 **Begins at high latitude 10 to 20 days before lower latitude observation. South season 
	 		begins	somewhat	earlier	and	ends	earlier	than	north	season	(see	fig.	8-5).








































































































































8.4  Cirrus Clouds and Contrails
























Seasonal Range of Average
(Height or Thickness) Cloud Temperature
Sesonal Range of Average  
Cloud Temperature 
(km) (ft) (km) (ft) (°C) (°F) (°C) (°F)
Cloud height:
 Cloud base height 8.79 28,839 8.4–9.1 27,559–29,856 –37.4 –35.3 –32.6 to –39 –26.7 to –38.2
 Cloud top height 11.02 36,155 10.71–11.15 35,138–36,581 –53.9 –65.0 –47.6 to –55.9 –53.7 to –68.6
Cloud thickness:
 Layer envelope 2.23 7,316 2.02–2.31 6,627–7,579
 Multiple layer 1.24 4,068 1.13–1.38 3,707–4,528







Cirrus Cloud Properties Typical Value Measured Range
Cloud thickness 1.5 km 0.1 to 8 km
Cloud-center altitude*,** 9 km 4 to 20 km
Crystal number density (concentration) 0.03 cm–3 (30 L–1) 10–7 to 101 cm–3 (10–4 to 104 L–1)
Ice water content (condensed) 0.025 g/m3 10–4 to 1.2 g m–3
Crystal size (length) 250 µm 1 to 8,000 µm
 *One year of SAGE global satellite measurements indicated a cirrus mean altitude of 7 km at the poles 
    and increasing to near 13.5 km altitude at both 5° S. and N. latitudes (ref. 8-49). 
 **The typical cirrus cloud-center height roughly occupies the altitude range from 70% to 80% of the local tropopause  
    height anywhere on Earth (ref. 8-49), as cirrus generally form within the upper troposphere, and beneath the local  
    tropopause. Although thin cirrus clouds have been detected within the lower stratosphere above the local  
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  *Overlapping clouds often coexist over the same area.
 **A good summarized cloud cover map database (based on 1982–2001 ISCCP data), giving monthly (with annual) mean percent global cloud cover, is given at the 
























































0 0.1 0.2 0.5 1 1.5 2 3 5 10

















Particle Size: Mean Radius
(µm)
Particle Size: Radius Range
(µm)
Particle Size:  Max Radius
(µm)
30 to 70 s 2 0.02 to 10 22
2 min 2 to 5 – –
























































    I –No Contrail
   II –Short-Lived Contrail
  III –Persistent Contrail/Cirrus
















Young contrail (0.1 to 0.5 s) 0.3–1 104–105 104–105 
Persistent contrail (10 min to 1 hr) 1–15 10–500 103–104 
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9.4  Thunderstorm Electrical Characteristics



























































Mechanism Microscale Cloud Scale Major Roles
Diffusion charging Ion capture by diffusion – Removes ions within cloud
Drift charging Ion capture in drift currents Drift currents  
Convection (Sedimentation)
Charges particles  
Enhances field
Selective ion charging Ion capture by polarized drops Sedimentation  
(Convection)
Charges particles  
Enhances field
Breakup charging Collisional breakup of polarized drops Sedimentation  
(Convection)
Charges drops
Induction charging Charge transfer between polarized particles Sedimentation  
(Convection)
Charges particles  
Enhances field
Convection charging Space-charge production ion capture in drift currents Convection Enhances field (Charges particles)





Interface charging Charge transfer between particles involving contact  
  potentials (freezing potentials)
Sedimentation  
(Convection)
Charges particles  
Enhances field












































































































































































Annual1 2 3 4 5 6 7 8 9 10 11 12
Mean number of  
  TS days
0.9 1.5 2.8 2.9 7.1 12.9 15.5 14.5 9.8 3.5 1.3 1 73.7
Maximum number  
  of TS days
4 5 7 7 17 22 24 23 18 13 5 6 107
Number of observa- 
  tions (days)
1,368 1,242 1,333 1,307 1,377 1,322 1,383 1,383 1,323 1,336 1,293 1,336 16,003
Total number of  
  TS days
39 69 128 130 319 581 698 652 439 158 58 46 3,317
Percent of days  
  with TSs
2.8 5.6 9.6 9.9 23.2 43.9 50.5 47.1 33.2 11.8 4.5 3.4 20.7
9-9
Table 9-3.  Monthly thunderstorm day statistics for EAFB (1971–2001).
Months
Annual1 2 3 4 5 6 7 8 9 10 11 12
Mean number of TS days 0 0.1 0.2 0.3 0.8 0.6 1.1 1.6 1 0.4 0.1 0.1 6.4
Maximum number of TS days 1 2 2 2 5 6 6 5 5 3 2 1 21
Number of observations 
  (days)
885 836 908 874 904 868 856 878 825 867 824 835 10,360
Total number of TS days 1 4 6 8 24 18 35 51 32 14 4 2 199
Percent of days with TSs 0.1 0.5 0.7 0.9 2.6 2.1 4.1 5.8 3.9 1.6 0.5 0.2 1.9
Table 9-4.  Monthly thunderstorm day statistics for VAFB (1959–2001).
Months
Annual1 2 3 4 5 6 7 8 9 10 11 12
Mean number of TS days 0 0.2 0.1 0 0 0.1 0 0.1 0.3 0 0.1 0 1
Maximum number of TS days 1 2 2 1 0 1 1 1 4 1 1 1 6
Number of observations 
  (days)
942 888 969 948 964 954 970 995 934 940 898 913 11,315
Total number of TS days 2 9 5 2 0 3 2 3 11 1 6 1 45
Percent of days with TSs 0.2 1 0.5 0.2 0 0.3 0.2 0.3 1.2 0.1 0.7 0.1 0.4
9.5.1  Cloud-to-Ground Lightning
 The most common types of lightning are those that occur between the cloud and the ground, called cloud-
to-ground (CG) lightning, and between charge centers within a cloud, called intracloud (IC) lightning. A study by 
Boccippio et al. (ref. 9-27) has shown that the mean IC to CG lightning ratio (IC:CG) over the continental United 
States is in the range of 2.64:1 to 2.94:1 sustantial variability exists as shown later in figure 9-12. Although IC 
lightning is important to consider in the operation of aerospace vehicles, there is much less information on the 
characteristics of IC lightning than on those of CG lightning. Therefore, this section will concentrate on CG light-
ning, due to extensive data and research.
 As shown in figure 9-6, CG lightning begins in the cloud with a preliminary breakdown process that is not 
well understood. There seems to be good agreement, however, that this process takes place at roughly the zero to 
–20 °C level in the cloud, in the region from which negative charge is eventually lowered to ground. This initial 
breakdown is followed by the stepped leader process that lowers negative charge to ground in a series of steps 
that typically last 1 ms and are each ≈50 m in length. As the stepped leader approaches the Earth, the fields near 
exposed objects on the ground may become large enough that one or more upward discharges are initiated. This 
begins the attachment process. One or more of the upward connecting discharges will move up to intersect the 
stepped leader channel, usually a few tens of meters above the ground. The distance between the tip of the stepped 
leader and the object about to be struck, at the time when the connecting discharge is initiated, is referred to as the 






























































































































Number of return strokes* 3 to 4
Time between return strokes 50 ms
Duration of flash 0.5 s
Charge transferred 25 C
Stepped leader
Duration 10 to 30 ms
Step length 50 m
Step interval time 50 µs
Average velocity 1 to 2 × 105 m/s
Step velocity >5 × 107 m/s
Charge lowered 10 C
Average current 100 to 1,000 A
Peak step current ≥1 kA
Upward discharge
Length 10 to 20 m (above flat terrain)
20 to 100 m (above tall structures)
First return stroke
Peak current** 10 to 30 kA
Peak current rate of rise 100 kA/µs
Velocity 1 × 108 m/s
Dart leader
Duration 2 ms
Average velocity 0.5 to 1 × 107 m/s
Charge lowered 1 C
Average current 1 kA
Dart-stepped leader
Step length 10 m
Step interval time 10 µs
Average velocity 1 × 106 m/s
Subsequent return strokes
Peak current 10 kA
Current rate of rise 100 kA/µs
Velocity 1 × 108 m/s
Continuing current
Duration 0.1 s
Current 100 to 300 A
Charge transfer 10 C
  *Positive CG number of return strokes (usually only one).














































9.5.3  Transient Luminous Events






























































































































































Elve (<1 ms, very bright)
Sprite (10–100 ms, bright)
Blue Jet (100–300 ms, dim)
(propagate 100 km/s speed)










Characteristics Apparent Motion Duration
Inventory of No. of 
Observations (est.)
Sprites 50–90 ≈1–20 km Top (>80 km)  





Elves 100 >100 km Diffuse Lateral expansion Few ms 100’s
Blue jets 18–45 Few km Structured Upward 100s ms <100
Giant blue jets 18–75 Few km Structured Upward 100s ms <10
Halos 75 ≈50 km Diffuse Downward ≈ms 1,000’s




Pixies 15–18 ≈100’s m Compact Stationary  
(storm-cloud tops)
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9.5.5  Lightning Climatology for Eastern Range (KSC Area), Edwards Air Force Base,  
 and Vandenberg Air Force Base
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(LST) Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
0 3 16 22 4 12 111 51 147 116 20 11 0 513
1 35 33 31 3 15 59 70 122 72 11 11 0 462
2 29 26 56 10 29 41 51 52 65 8 14 0 381
3 7 17 27 7 8 20 82 29 62 8 9 0 276
4 6 9 12 2 3 13 34 31 45 5 3 1 164
5 3 3 4 2 4 8 17 41 40 6 2 2 132
6 8 5 8 1 6 21 26 30 38 13 3 1 160
7 4 2 5 2 1 28 22 28 22 19 3 2 138
8 7 0 3 2 1 20 40 37 31 7 2 1 151
9 12 0 7 6 2 52 41 52 50 9 2 7 240
10 3 0 11 37 28 103 78 76 82 8 2 5 433
11 9 2 13 59 56 435 145 163 158 13 4 9 1,066
12 9 5 67 37 97 925 448 537 371 13 12 3 2,524
13 8 22 93 78 132 1,336 1,346 1,203 612 20 9 2 4,861
14 10 33 139 127 270 1,679 2,221 1,749 776 92 4 8 7,108
15 8 36 93 86 365 1,617 2,108 2,081 597 277 8 4 7,280
16 7 11 63 101 375 1,058 1,904 1,733 549 351 27 2 6,181
17 8 7 123 73 522 757 1,060 1,137 350 199 20 4 4,260
18 6 9 106 68 582 589 398 682 354 84 12 0 2,890
19 8 16 71 64 386 361 282 697 418 45 9 1 2,358
20 18 25 152 49 336 223 145 495 371 74 5 2 1,895
21 30 35 70 42 114 118 61 251 257 71 6 2 1,057
22 9 23 60 23 85 179 38 162 257 30 7 5 878
23 1 43 35 6 26 156 42 168 234 23 9 0 743
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Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
50th Percentile 23.2 19.5 19.9 23.8 22.2 24.9 25.3 26.6 26.4 26.9 27.1 26.9 25.3
99th Percentile 113.9 87.7 90.3 91.2 74.8 84.7 81.5 89.2 110.0 97.2 128.8 144.2 89.9
Maximum 187.8 200.1 226.0 170.9 191.3 236.8 738.3 260.1 250.3 385.7 178.8 208.7 738.3
Risk (%) >200 kA 0 0.018 0.023 0 0 0.006 0.032 0.013 0.019 0.02 0 0.118 0.016
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Figure 9-16.  Diurnal variation of average CG lightning flashes per year within a 50-km (31-mi) radius
 of EAFB from 1988–2001. Solid lines represent sunrise and sunset (NASA/MSFC/Natural  
 Environments Branch).
 Table 9-12 shows the monthly and annual 50th and 99th percentile and maximum values for the first 
return stroke peak current obtained from the NLDN for the years 1988–2001. Also given is the risk (percent) of 
exceeding a 200-kA lightning flash. The lightning test waveform typically used for vehicle design has a first return 
stroke peak current of 200 kA. The lightning test waveform for design is described in section 9.7.
9.5.6  Kennedy Space Center Lightning and Lightning Peak Current Probabilities
 Lyons et al. produced a large peak lightning current climatology for the contiguous United States, consist-
ing of ≈60 million CG flashes over 14 summer months from 1991–1995 (ref. 9-48). This climatology was com-
piled with data taken from the NLDN. The greatest –CG peak current recorded was –957 kA, while the greatest 
+CG value was +580 kA. This indicates that, although relatively rare, large peak current CG lightning flashes  
can occur from thunderstorms. Sensitive avionics boxes and other spacecraft payloads and electronics can be  






(LST) Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
0 0 0 0 0 0 0 7 0 2 0 0 0 9
1 0 0 0 0 6 0 0 1 0 0 0 0 7
2 0 0 0 0 7 0 1 1 0 0 0 0 9
3 0 0 0 0 1 0 2 0 1 0 0 0 4
4 0 0 0 0 2 0 0 2 2 1 0 0 7
5 0 0 0 0 4 0 0 2 3 0 0 0 9
6 0 0 0 0 0 0 1 1 1 1 0 0 4
7 0 0 0 0 0 0 1 0 2 0 0 0 3
8 0 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 1 0 0 0 0 0 1
11 0 0 0 0 3 0 3 5 0 0 0 0 11
12 0 0 1 2 1 2 6 21 3 0 0 0 36
13 0 1 3 5 2 3 30 72 10 0 0 0 126
14 0 1 1 3 6 4 58 126 17 4 0 0 220
15 0 1 3 1 11 8 88 133 35 2 0 0 282
16 0 1 5 1 17 5 72 106 18 3 0 0 228
17 0 3 2 0 15 3 33 60 10 5 0 0 131
18 0 2 1 0 4 1 14 26 20 2 0 0 70
19 0 0 0 0 2 1 9 35 11 3 0 0 61
20 0 0 0 0 1 0 9 14 3 5 0 0 32
21 0 0 0 0 1 0 6 1 1 2 0 0 11
22 0 0 0 0 0 0 8 0 2 1 1 0 12
23 0 0 0 0 0 0 12 0 2 0 0 0 14
Total 0 9 16 12 83 27 361 606 143 29 1 0 1,287
presents	estimated	probabilities	of	both	conventional	and	extreme	peak	current	lightning	strikes	that	could	occur	
in	the	KSC	area,	affecting	space	vehicles	and/or	their	components.
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Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
50th Percentile 65.9 32.2 24.8 22.4 20.3 20.3 18.0 18.5 17.9 24.6 29.0 33.1 18.6
99th Percentile 119.2 241.3 197.8 223.3 96.7 79.8 52.8 49.1 55.0 91.5 68.3 73.3 60.4
Maximum 119.2 241.3 212.2 223.3 297.4 171.2 94.8 177.3 115.6 156.0 68.3 73.3 297.4
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Figure 9-18.  Diurnal variation of average CG lightning flashes per year within a 50-km (31-mi) radius
 of VAFB from 1988–2001. Solid lines represent sunrise and sunset (NASA/MSFC/Natural  
 Environments Branch).
 During the boost phase of launch, the probability of the Shuttle vehicle and exhaust intercepting a  
“natural” (not triggered) lightning flash from a nearby storm was calculated, assuming the following conditions:  
A low flash rate (1/min) to a high flash rate (60/min); distance from the storm edge being 2-, 5-, and 10-nmi  
standoffs; ascent time of ≈50 s; and eight launches per year. Mach’s resulting probability estimates are presented 
in table 9-13.
 If Shuttle LCC regarding natural lightning are followed during countdown/launch, the estimated probabil-
ity of the Shuttle being struck by any magnitude lightning is 1 in 23,000 (or 0.0043 percent). The only LCC rule 
applied here is the 5- and 10-nmi standoff to thunderstorms (ref. 9-79). Not included are triggered lightning from 
anvils, cloud thickness and ceiling, and any other LCC rules. Mach presents various other Shuttle element light-






(LST) Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
0 1 1 0 0 0 0 0 0 1 0 0 0 3
1 0 0 0 0 0 0 0 0 2 0 0 0 2
2 2 0 0 0 0 0 1 0 1 0 0 0 4
3 2 0 1 0 0 2 2 0 5 0 0 0 12
4 0 0 2 0 0 1 13 0 8 0 0 0 24
5 0 1 0 0 0 0 22 0 5 0 0 0 28
6 0 1 0 0 0 0 20 3 7 0 0 1 32
7 0 1 0 0 0 0 0 3 6 1 0 0 11
8 0 1 0 0 0 0 0 2 6 0 0 0 9
9 0 1 0 0 0 0 0 1 3 0 0 0 5
1 0 0 0 0 0 0 0 1 4 0 0 0 5
11 0 0 1 0 0 0 0 1 6 0 0 0 8
12 0 0 2 0 0 0 0 1 3 0 0 0 6
13 0 0 3 0 1 0 0 6 1 0 0 1 12
14 1 0 5 0 0 0 0 7 3 0 0 0 16
15 0 1 3 0 0 0 0 8 2 0 0 0 14
16 0 3 1 0 0 5 0 6 1 0 0 1 17
17 0 1 0 0 0 9 0 0 1 0 0 0 11
18 0 2 0 0 0 10 0 0 2 0 0 1 15
19 0 0 0 0 0 6 0 1 2 0 0 0 9
20 0 0 0 0 0 3 0 0 1 0 0 0 4
21 0 0 0 0 0 1 0 0 5 1 0 0 7
22 0 0 0 0 0 0 0 0 4 0 0 0 4
23 1 1 0 0 0 0 0 1 2 0 0 0 5
Total 7 14 18 0 1 37 58 41 81 2 0 4 263
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Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
50th Percentile 41.8 41.2 34.0 57.2 25.8 23.8 36.7 34.6 34.4 30.2 42.1 39.8 32.9
99th Percentile 165.5 186.4 215.6 190.5 114.8 63.5 109.6 126.3 139.8 84.8 152.6 175.2 141.3
Maximum 165.5 187.5 250.4 190.5 114.8 85.6 125.8 157.7 258.3 84.8 152.6 175.2 258.3
Risk (%) >200 kA 0 0 1.825 0 0 0 0 0 0.182 0 0 0 0.186
Table	9-13.		Probability	estimates	for	natural	CG	lightning	to	strike	STS	on	launch*	(ref.	9-78).
Exposure Time  
(s)
Standoff From Storm Edge Storm Severity 
Flash Rate  
(min–1)
Probability 





50 2 3.7 High = 60 0.625 160
50 5 (LCC) 9.3 Avg. = 6 0.00434 23,000
50 10 (LCC) 18.5 Low = 1 0.00007 1,300,000
50 10 (LCC) 18.5 High = 60 0.00434 23,000



















Roll-out to pad1 0.00218 (45,963) 0.00590 (16,934) 0.01150 (8,696)
Roll-out to pad2 0.0399 (2,508) 0.108 (924) 0.21 (475)
On-pad3 0.00226 (44,220) 0.06138 (1,629) 0.11953 (837)
Launch4 (NTr) 0.00030 (329K) 0.00083 (121K) 0.00161 (62,274)
Launch5 (Tr) TBD TBD TBD TBD TBD TBD
*The KSC’s SLC40 more conservative peak lightning current probability statistics are not shown here, but are given in reference 9-80.
1Assume roll-out in evening hours in worst (peak) lightning month, with no forecasting assumed. 
2Special roll-out case:  During worst (peak) lightning month and peak afternoon hours, with no weather forecasting.
3Assume on-pad Shuttle protected by pad lightning system.
4Launch (nontriggered lightning), where Shuttle protected by LCC “storm distance rule” only.
5Launch (triggered lightning): Triggered lightning comments:
 • Gabrielson calculated that the probability for any magnitude lightning strike will increase (by a factor of ≈140,000) for a 10-m-tall vehicle triggering lightning  
  (within 10 km) on ascent, under moderate storm/lightning conditions, as compared to the vehicle being hit by any magnitude lightning strike while stationary  
  on level ground (ref. 9-81).
 • Man-launched rocket-triggered lightning discharges are generally less in current magnitude than natural CG discharges.  During 9 yr (1984–1991)  
  of the rocket-triggered lightning current measurement program at KSC, the highest rocket-triggered lightning current measured was 99 kA (ref. 9-39).
current	of	>200	kA.	This	is	due	to	the	larger	areal	extent	used	for	the	empirical	table	9-8	statistics,	while	much	
smaller	area	and	point	theoretical	statistics	were	considered	for	the	calculations	here.



















































































































Parameter (units) Number of Events 95% 50% 5%
Peak current (kA)  
  First strokes  









Peak di/dt (kA/µs)  
  First strokes  









Charge (C)  
  First strokes  
  Subsequent strokes  













Action integral (A2 s)  
  First strokes  
  Subsequent strokes
 91
 88




5.5 × 105 
5.2 × 104
Front duration (µs)*  
  First strokes  









Stroke duration (µs)**  
  First strokes  









Time between strokes (ms)  133 7  33 150
Flash duration  
  Including single-stroke flashes 









   *2 kA to peak
 **2 kA to half-peak amplitude value
















































Percentage of Cases Exceeding Tabulated Value
Number of 





  New Mexico*
  Florida (1985–1988)




















  Florida (1985)
  Florida (1987, 1988) 














Charge (C) per stroke
  New Mexico 35
0.35**
0.95‡
Charge (C) per flash
  France










Action integral (A2 s)
  France 94 3×102 6×103 5×104 3×105
Flash duration (ms)
  France










Percentage of flashes with only a continuous current phase
  France 40%
  New Mexico 20%
Number of pulses per flash
  France**








   *Distribution of only the largest peak current in each flash.
 **Only pulses with peak currents ≥3 kA were included.












































Figure 9-23.  Geometry used in computing the electric field intensity of the lightning return stroke (ref. 9-92).
 The electric field intensity (E) at the ground at a distance (D) from the ground-strike point, in MKS units, 
can be expressed in terms of current as:
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Peak Current 100 kA
Total Charge Transfer
200 C





Time to 10% 0.15 Ms
Time to 10% 0.08 Ms
Rate of Rise 
1s1011 A/s @ 0.5 Ms
Max Rate of Rise = 
1.4s1011 A/s  @ t=0
Max Rate of Rise = 
1.4s1011 A/s  @ t=0
Time to 90% 
3 Ms








Current Component A Current Component B





Peak Current 200 kA









Rate of Rise 








































A B C D
Component A (Initial Stroke)
  Peak Amplitude = 200 kA±10%
  Action Integral = 2×106 A2s±20%
  Time Duration ≤500 μs
Component C (Continuing Current)
  Charge Transfer = 200 C±20%
  Amplitude = 200 to 800 A
  Time Duration 0.25<t≤1 s
Component B (Intermediate Current)
  Maximum Charge Transfer = 10 C±10%
  Average Amplitude = 2 kA±20%
  Time Duration ≤5 ms
Component D (Subsequent Return Stroke)
  Peak Amplitude = 100 kA±10%
  Action Integral = 0.25×106 A2s±20%
  Time Duration ≤500 μs




















D D/2 D/2 D/2 D/2







H H H H
1 2 3 20
1 2 20
30 ms≤Δt≤ 300 ms










































	 	 (a)	 The	cloud	that	produced	the	lightning	is	not	within	10	nmi	of	the	flight	path,
	 	 (b)	 There	is	at	least	one	working	field	mill	within	5	nmi	of	each	such	lightning	flash,
and






 in section 9.8.2.2 apply.
Definitions:  Anvil, electric field measurement at the surface,	flight path, thunderstorm,	within
	 9.8.2.2  Cumulus Clouds.		Do	not	launch	under	the	following	conditions:
 (1) Do not launch if the flight path will carry the vehicle within 10 nmi of any cumulus	cloud	with	its	
cloud top higher than the –20 ºC level,
 (2) Do not launch if the flight path will carry the vehicle within 5 nmi of any cumulus	cloud	with	its	
cloud top higher than the –10 ºC level,
 (3) Do not launch if the flight path will carry the vehicle through any cumulus	cloud	with	its	cloud top 
higher than the –5 ºC level,
 (4) Do not launch if the flight path will carry the vehicle through any cumulus	cloud	with	its	cloud top 
between the 5 ºC and –5 ºC levels,
unless,
  (a) The cloud is not producing precipitation,
  (b) The horizontal distance from the center of the cloud top to at least one working field mill 	
is	<2	nmi,
and
  (c) All electric field measurements at the surface	within	5	nmi	of	the	flight path and at the mill(s) 
specified in (b) above have been between –100 and 500 V/m for 15 min.
Note:		Cumulus	clouds	in	criterion	9.8.2.2	do	not	include	altocumulus,	cirrocumulus,	or	stratocumulus.
Definitions:  Cloud top, electric field measurement at the surface,	flight path, precipitation, within
	 9.8.2.3  Anvil Clouds
	 9.8.2.3.1		Attached	Anvils.		Do	not	launch	under	the	following	conditions:
 (1) Do not launch if the flight path will carry the vehicle through or within 10 nmi of a nontransparent 
part of any attached anvil cloud for the first 30 min after the last lightning discharge in or from the parent cloud		
or	anvil	cloud.
 (2) Do not launch if the flight path will carry the vehicle through or within 5 nmi of a nontransparent part 
of	any	attached	anvil	cloud	between	30	min	and	3	hr	after	the	last	lightning discharge in or from the parent cloud	
or	anvil	cloud unless both of the following conditions are satisfied:
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  (a)  The portion of the attached anvil cloud	within	5	nmi	of	the	flight path is located entirely 	
at	altitudes	where	the	temperature is colder than 0 ºC
and
  (b)  The volume-averaged, height-integrated radar reflectivity (VAHIRR) is less than +33 range	cor-
rected reflectivity (dBZ) – thousand feet (kft) (+10 dBZ km) everywhere along the portion of the flight path where 
any part of the attached anvil cloud is within the specified volume.
 (3) Do not launch if the flight path will carry the vehicle through a nontransparent part of any attached 
anvil	cloud	more	than	3	hr	after	the	last	lightning discharge in or from the parent cloud	or	anvil	cloud	unless	both	
of the following conditions are satisfied:
  (a)  The portion of the attached anvil cloud	within	5	nmi	of	the	flight path is located entirely 	
at	altitudes	where	the	temperature is colder than 0 ºC
and
  (b)  The VAHIRR is less than +33 dBZ-kft (+10 dBZ-kkm) everywhere along the portion of the flight 
path where any part of the attached anvil cloud is within the specified volume.
	 9.8.2.3.2		Detached	Anvil	Clouds.  For the purposes of this section, detached anvil clouds	are	never	con-
sidered	debris	clouds.	Do	not	launch	under	the	following	conditions:
 (1) Do not launch if the flight path will carry the vehicle through or within 10 nmi of a nontransparent 
part of a detached anvil cloud for the first 30 min after the last lightning discharge in or from the parent cloud	
or	anvil	cloud	before	detachment	or	after	the	last	lightning	discharge	in	or	from	the	detached	anvil	cloud	after	
detachment.
 (2) Do not launch if the flight path will carry the vehicle between 0 (zero) and 5 nmi from a nontranspar-
ent part of a detached anvil cloud	between	30	min	and	3	hr	after	the	time	of	the	last	lightning	discharge	in	or	from	
the parent cloud	or	anvil	cloud	before	detachment	or	after	the	last	lightning	discharge	in	or	from	the	detached	
anvil	cloud after detachment unless subparagraph 1.4.C.2.b.1 or subparagraph 1.4.C.2.b.2 is satisfied:
  (a) This section is satisfied if all three of the following conditions are met:
   (1)  There is at least one working field mill within 5 nmi of the detached anvil cloud,
   (2)  The absolute values of all electric field measurements at the surface	within	5	nmi	of	the	flight 
path and at the mill(s) specified in subparagraph 1.4.C.2.b.1) have been <1,000 V/m for 15 min,
and
   (3)  The maximum radar return from any part of the detached anvil cloud	within	5	nmi		
of	the	flight path has been <10 dBZ for 15 min.
  (b) This section is satisfied if both of the following conditions are met:
   (1)  The portion of the detached anvil cloud	within	5	nmi	of	the	flight path is located entirely 	
at	altitudes	where	the	temperature is colder than 0 ºC.
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	 	 	 (2)		The	VAHIRR	is	less	than	+33	dBZ-kft	(+10	dBZ-km)	everywhere	along	the	portion		
of	the	flight	path	where	any	part	of	the	detached	anvil	cloud	is	within	the	specified	volume,
and
	 	 	 (3)	 do	not	launch	if	the	flight	path	will	carry	the	vehicle	through	a	nontransparent	part		
of	a	detached	anvil	cloud	unless	subparagraph	1.4.C.2.c.1)	or	subparagraph	a.4.C.2.c.2)	is	satisfied.
	 	 	 	 (a)	 This	section	is	satisfied	if	both	of	the	following	conditions	are	met:
	 	 	 	 	 (1)	 At	least	4	hr	have	passed	since	the	last	lightning	discharge	in	or	from	the	detached	
anvil	cloud
and
	 	 	 	 	 (2)	 At	least	3	hr	have	passed	since	the	time	that	the	anvil	cloud	is	observed	to	be	
detached	from	the	parent	cloud.
	 	 	 	 (b)	 This	section	is	satisfied	if	both	of	the	following	conditions	are	met:
















	 	 (a)	 There	is	at	least	one	working	field	mill	within	5	nmi	of	the	debris	cloud,











































	 	 (a)	 All	clouds	within	10	nmi	of	the	flight	path	are	transparent
or


















	 	 (1)	 That	the	surface	resistivity	is	<109	ohms/square
and	







































































































Subsidiary definition:  Specified volume
Note:  See section 9.2.8.3, “Interim Instructions for Implementation of VAHIRR.”
Weather disturbance:		A	weather system where dynamical processes destabilize the air on a scale larger than 	
the	individual	clouds or cells. Examples of disturbances are fronts, troughs, and squall lines.
Within:		Used	as	a	function word to specify a margin in all directions—horizontal, vertical, and slant separa-
tion—between the cloud edge or top and the flight path. For example, “within	10	nmi	of	a	thunderstorm	cloud” 
means that there must be a 10-nmi margin between every part of a thunderstorm	cloud	and	the	flight path.
Subsidiary definitions:  Cloud	edge,	cloud top, flight path
 9.8.2.10  Interim Instructions for Implementation of VAHIRR.  The VAHIRR quantity referred to in 
section 1.4.C. and the definitions require computation of both a volume average reflectivity and an average	cloud	
thickness. These quantities are then multiplied to produce the VAHIRR. Neither of these quantities is available yet 
as a product on the WSR-88D and WSR-74C radar systems used to support launch operations. This instruction 
provides a methodology for evaluating VAHIRR criteria with currently available radar products. The methodology 
provides a result that is more conservative than a direct VAHIRR computation, but it should still permit the launch 
users to achieve much of the benefit of the VAHIRR feature.
	 9.8.2.10.1		Part	I,		Determination	of	Average	Cloud	Thickness.  The definition of VAHIRR requires 	
determination	of	the	average	cloud top and the average	cloud base above the height of the 0 ºC isotherm within 	
a square having sides 5.5 km (3 nmi) north, east, south, and west of the ground projection of each point in 	
the	flight track. Average	cloud thickness is defined as the difference of these two numbers. If the average	cloud	
thickness cannot be determined at each point on the flight track, the maximum thickness within 5.5 km (3 nmi) 	
of	the	flight track may be used.
	 To	determine	the	average	cloud top height, the launch weather team may use any existing radar product 
that gives the height of the 0 dBZ cloud top, including “maximum height of reflectivity” and cross section prod-
ucts.	If	the	average height cannot be determined, the maximum height of the 0 dBZ reflectivity may be used. If 	
the maximum height cannot be determined, use 18 km (60 kft) for the average	cloud top.
	 The	average	height	of	the	cloud	base	should	be	derived	from	radar	data.	It	is	the	average	of	the	higher		
of (a) the bottom of the portion of the cloud producing a radar reflectivity of 0 dBZ or greater or (b) the height 	
of the 0 ºC isotherm where the 0 dBZ reflectivity extends below that level. If the average	height	of	the	cloud	base	
cannot be determined, use the higher of (a) the height of the 0 ºC isotherm or (b) the lowest portion of the cloud	
producing a radar reflectivity of 0 dBZ or greater anywhere within each 5.5 km (3 nmi) square defined above.
	 9.8.2.10.2		Part II, Volume Averaged Radar Reflectivity. There is no operationally feasible way to use 
existing radar products to compute a volume average reflectivity. A conservative substitute is the maximum reflec-
tivity	since	the	volume	average will always be smaller than the maximum. The WSR-88D has a “User Selectable 
Layer Composite Reflectivity (URL)” product and the WSR-74C has a “Max” product with user selectable base 
and top. The LWT should configure these products with the bottom of the layer at the height of the 0 ºC isotherm 
and the top above the height of the highest radar beam within 7.8 km (4.2 nmi) of the ground-protected flight track 
in the scan strategy being used. The WSR-88D product will have to be configured at the radar product generator 
(RPG) and included in the product scheduler for the principal user processor (PUP) used by the LWT.
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	 9.8.2.10.3		Part	III,	Evaluating	the	Constraint.  The VAHIRR constraint is satisfied for a point on the 
flight track if the “URL” or “Max” radar product (see part II above) everywhere within the corresponding square 
(defined above) is <10 dBZ-km divided by the average	cloud thickness in km within the same square (see part I 
above). (In English units, this threshold would become 33 dBZ-kft divided by the average	cloud	thickness	in	kft.)	
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babs attenuation coefficient by absorption
bext attenuation coefficient by extinction
bsca	 attenuation coefficient by scattering
bx attenuation coefficient








































10.  ATMOSPHERIC CONSTITUENTS
10.1  Introduction
	 Gases	and	particles	in	the	atmosphere	must	be	considered	during	aerospace	vehicle	development	in	order	






10.1.1  Sources of Particles
	 Airborne	particles	develop	from	both	primary	(direct)	and	secondary	(indirect)	sources	(ref.	10-7).	






























to grow from smaller particles by coagulation or condensation. The “fine mode” consists of particles around 	
0.01	µm,	usually	resulting	from	combustion	or	GPC.	Dust, fly-ash, sea spray, and other particles that are larger 
than	1	µm	make	up	the	“coarse	particle	mode.”	This	mode	is	usually	derived	from	mechanical	processes		
(ref.	10-10).	







Particle Type Sulfate Aerosol Type I PSC Type II PSC Meteoric Dust Rocket Exhaust
Physical state Liquid or slurry with 
crystals
Solid nitric acid 
trihydrate, solid 
solutions
Solid crystal,  
hexagonal or  
cubic basis
Solid granular irregular  
or spherical
Solid spheres or 
irregular surface  
ablated debris
Particle radius  
(µm, 10–6 m)
0.01–0.5, ambient  
0.01–10, volcanic
0.3–3 1–100 1–100, micrometeorites 
0.01–0.1, smoke
0.1–10
Number (cm–3) ≈1–10 ≈0.1–10 «1 10–6, 100 µm  
10–3, 1 µm
10–4, 10 µm  
10–2, 1 µm




H2O SiO2, Fe, Ni, Mg; C Al2O3
Trace composition NH4+, NO3 HCl SO42– HNO3, HCl SO42– (surface) Cl–, SO42– (surface)
Physical 
characteristics
Dust inclusions,  
in solution
Equidimensional 
crystalline or  
droplets
Elongated crystals  
with polycrystalline 
structure





Distribution Global, ambient 
region, volcanic,  
12-to 35-km altitude
Polar winter  
14- to 24-km altitude
Polar winter  
14- to 24-km altitude
≈Global >12-km altitude Global >12-km altitude
Residence time ≈1–2 yr ambient  
≈1–3 yr volcanic
≈1 day to weeks ≈hours <1 mo (micrometeorites) 



























































10.2  Threats Caused by Atmospheric Particles
	 Abrasion,	optical	hindrances,	and	corrosion	are	the	main	problems	caused	by	gases	and	airborne	particles	
that must be considered during aerospace vehicle development. For an example of specific launch-related threats, 
refer	to	section	10.3.5.	
10.2.1  Abrasion
	 Aerosol particles usually follow the airflow around an object. However, if the momentum of the particles 

























  1 Talc
  2 Gypsum
  3 Calcite
  4 Fluorite
  5 Apatite
  6 Orthoclase
  7 Quartz
  8 Topaz



















some harder particles, such as fly-ash from power plants, may be present. 
	 A	discussion	of	rain	erosion	is	covered	in	section	7.	







of refraction (chemical composition) of the particulate matter, and are articulated by their extinction coefficient 
and	angular	distribution	of	scattered	light.	With	optical	cross	sections	denoted	σx,	x	=	sca	and	ext	for	scattering		
and extinction, respectively, the corresponding attenuation coefficients for a volume of air populated by a single 	
species	of	particle	is	given	by	
	
b n r r d r n r d rx x=
∞ ∞







in	a	given	aerosol, the attenuation coefficient is given by
	








where	fi	and	bx,i	are	the	fraction	of	the	ith	constituent and its associated attenuation coefficient, respectively.
	 The	ability	to	distinguish	an	element	of	a	scene	depends	on	the	contrast	of	that	element	with	other	fea-
tures. Contrast is defined for the human eye as a number ranging	from	–1	to	1,	with	–1	representing	a	totally	
white,	undiminished	pixel	viewed	against	a	black	background.	A	contrast	of	1	is	obtained	for	a	black	object	
viewed	against	a	white	background.	
	 Let	F(x ) denote the flux density	(in	W/cm2)	of	light	arriving	along	a	sight	path	of	length	(x)	from	a	scene	
pixel,	and	Fb(x ) denote an equilibrium flux density	associated	with	a	background;	e.g.,	the	sky.	The	pixel’s		
contrast can be quantified as
	
C x F x F xF x
b
b



















 This discussion applies to a single wavelength of light or to an integration of the radiant flux entering the 
eye	over	the	range	of	its	spectral	response.	For	other	spectral	ranges,	and	for	polarimetric	radiance	transfer,	similar	
definitions of contrast apply, so that the utility of this quantity is readily extended to electro-optic sensing of the 























	 10.2.3.1  Introduction.		Corrosion	is	the	decaying	or	destruction	of	a	material	caused	by	the	environment.	
Fontana defines corrosion	as,	“the	deterioration	of	a	material	due	to	its	reaction	with	its	environment,”	while	Uhlig	










































	 10.2.3.3  Forms of Corrosion.		There	are	various	forms	of	corrosion identified at KSC: (1) Uniform 	
(or	general	corrosion),	(2)	galvanic	corrosion,	(3)	concentration	cell	corrosion,	(4)	pitting	corrosion,	(5)	crevice	
corrosion, (6) filiform corrosion,	(7)	intergranular	corrosion,	(8)	stress	corrosion	cracking,	(9)	corrosion	fatigue,	
(10)	fretting	corrosion,	(11)	erosion	corrosion,	(12)	dealloying,	(13)	hydrogen	damage,	(14)	corrosion	in	concrete,	
and	(15)	microbial	corrosion	(refs.	10-23	and	10-24).	





 10.2.3.4  Kennedy Space Center Corrosivity.		The	launch	environment	at	KSC	is	extremely	corrosive	































cle	Structures	and	Associated	Flight Equipment; General Specifications for Class II Requirements.”	The	orbiter	
was	designed	to	have	no	structural	failure	due	to	corrosion	within	a	10-yr	or	100-mission	life.	The	four	potential	
major	types	of	orbiter	corrosion	mechanisms	are	galvanic,	concentration	cell,	uniform	and	mechanical.	These	

















Vancouver Island, BC, Canada Rural marine 13 0.5
Pittsburgh, PA Industrial 30 1.2
Cleveland, OH Industrial 38 1.5
Limon Bay, Panama Canal Zone Tropical marine 61 2.4
East Chicago, IL Industrial 84 3.3
Brazos River, TX Industrial marine 94 3.7
Daytona Beach, FL Marine 295 11.6
Pont Reyes, CA Marine 500 19.7
Kure Beach, NC (24 m from ocean) Marine 533 21.0
Galeta Point Beach, Panama Canal Zone Marine 686 27.0
Kennedy Space Center, FL (beach) Marine 1,070 42.0
   *Data extracted from reference 10-29. 













Comparison of Average Corrosion Rate (Weight Loss) 
of UNS G10080 and Atmospheric Salt Content at 
Various Distances From Seacoast
X - Weight Loss, UNS G10080 







































New York, NY  
(Urban-Industrial)
La Jolla, CA  
(Marine)
State College, PA 
(Rural)
10 yr 20 yr 10 yr 20 yr 10 yr 20 yr
Aluminum 0.032 0.029 0.028 0.025 0.001 0.003
Copper 0.047 0.054 0.052 0.050 0.023 0.017
Lead 0.017 0.015 0.016 0.021 0.019 0.013
Tin 0.047 0.052 0.091 0.112 0.018 –
Nickel 0.128 0.144 0.004 0.006 0.006 0.009
65% Ni, 32% Cu, 2% Fe,  
  1% Mn (Monel)
0.053 0.062 0.007 0.006 0.005 0.007
Zinc (99.9%) 0.202 0.226 0.063 0.069 0.034 0.044
Zinc (99%) 0.193 0.218 0.069 0.068 0.042 0.043
0.2% C Steel (0.02%  
  P, 0.05% S, 0.05% Cu,  
  0.02% Ni, 0.02% Cr)
0.48 – – – – –
Low-alloy steel 
  (0.1% C, 0.2% P,
  0.04% S, 0.03% Ni,
  1.1% Cr, 0.4% Cu)
0.09 – – – – –
Note: Corrosion rates are given in mils/yr (1 mil/yr = 0.025 mm/yr). Values cited are one-half reduction 
 of specimen thickness.
	 10.2.3.6  Protection From Atmospheric Corrosion.		Prevention	of	atmospheric	corrosion	can	be	tempo-











Average Weight Loss 




Khartoum, Sudan Dry island (arid) 0.08 1.0
Singapore Tropical/marine 0.69 9.0
State College, PA Rural 1.90 25.0
Panama Canal Zone Tropical/marine 2.28 31.0
Kure Beach, NC (250 m, or 800 ft, lot) Marine 2.93 38.0
Kearny, NJ Industrial 3.92 52.0
Pittsburgh, PA Industrial 4.88 65.0
Frodingham, UK Industrial 7.50 100.0
Daytona Beach, FL Marine 10.34 138.0
Kure Beach, NC (25 m, or 80 ft, lot) Marine 35.68 475.0
Table	10-7.		Measured	atmospheric	corrosion	rates	for	steel	and	zinc	(ref.	10-33).	
Site Location




  1 Normal Wells, Northwest Territory Rural 0.02 0.2
  2 Saskatoon, Saskatchewan Rural 0.2 0.2
  9 State College, PA* Rural 1.0 1.0
17 Pittsburgh, PA (roof) Industrial 1.8 1.5
18 London (Battersea), UK Industrial 2.0 1.2
27 Bayonne, NJ Industrial 3.4 3.1
28 Kure Beach, NC (250 m, or 800 ft, site) Marine 3.6 1.9
31 London (Stratford), UK Industrial 6.5 4.8
33 Point Reyes, CA Marine 9.5 2.0
37 Kure Beach, NC (25 m, or 80 ft, site) Marine 33.0 6.4
*The average weight losses on two 100- by 150-mm (4- by 6-in) specimens after 1 yr of exposure 
at the indicated site were used to calculate the relative corrosivity of the site. The losses in the rural  
atmosphere at State College, PA, were taken as unity and the relative corrosiveness at each of the  
















make them the structural metal of choice. However, if the protective aluminum oxide film breaks down, it can 
allow	extensive	intergranular	corrosion	and	pitting.	This	frequently	occurs	in	aluminum	alloys	where	cathodic	
precipitates	can	cause	local	galvanic	couples	where	corrosion	can	easily	occur.			
























chromium	compounds	(HCCs),	used	for	aluminum	alloy	corrosion protection, was significantly reduced by the 
Occupational	Safety	and	Health	Administration	from	100	µg/m3	to	only	5	µg/m3.	Also,	HCCs	may	also	be	banned	
entirely worldwide due to their hazard potential and costs. While possible replacements have been identified, 	
there is currently no replacement product available that has been certified for manned space flight at this time 
(refs.	10-23	and	10-24).
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10.3  Characteristics of Specific Particles
	 This	section	describes	characteristics	of	some	particles	that	should	be	considered	in	aerospace	vehicle	
design.	Table	10-8	gives	estimates	of	the	sizes	of	various	particles	(refs.	10-7	and	10-34),	but	the	actual	sizes		
can vary greatly, depending on the specific atmospheric conditions. Typical sizes	for	suspended	water	droplets	
(fog)	can	be	found	in	section	7.	
Table	10-8.		Estimated	size	ranges	of	natural	occurring	atmospheric	particles	(ref.	10-7).	






  secondary particles
  (average)
<1
Indirect sources Under 0.1
*Directly after the eruption, particles as large  
  as 5 mm (0.2 in) can be found (ref. 10-34).




dust	is	concentrated	around	the	polar	regions.	The	larger	dust particles are “fluffy and compacted aggregates” 
while	the	smaller	particles	(submicrometer)	are	more	dense	(ref.	10-7).	The	residence	time	of	these	particles		
in	the	stratosphere	and	troposphere	ranges	from	months	to	years.









Sea	salt	aerosol has a large influence on the atmospheric sulfur cycle and influences the climate effects of the 
natural	or	anthropogenic	sulfate	aerosol.	This	aerosol	source	also	plays	a	role	in	corrosion	and	plant	stress		








aqueous	chemistry.	Submicrometer	sea salt competes with sulfate to influence the number of CCN 	
(ref.	10-35).	Over	wide	oceanic	areas,	sea salt is the most efficient aerosol	component	to	scatter	solar	radiation.	
Sea	salt	aerosol	constitutes	an	important	component	of	the	global	background	aerosol	loading.	Sea	salt	particles	































minus	the	background	aerosol	equals	the	sea	salt	aerosol is incorrect; i.e., marine – background ≠ sea	salt)		
(ref.	10-46).








Mode Nuclei mode Accumulation mode Coarse mode
Particle diameter range Dp < 0.1 µm 0.1 < Dp < 0.6 µm Dp > 0.6 µm
Typical mass median diameter Dpg = 0.019 µm Dpg = 0.3 µm Dpg = 12 µm
Typical geometric std. dev. σg = 1.6 σg = 2 σg = 2.7
Typical volume concentration V = 0.0005 V = 0.1 V = 12
*The coarse particles (composed primarily of sea salt, but continental dust can contribute)  
  contain ≈95% of the total mass of all maritime aerosols, but only 5% to 10% of the total  
  particle number.










































Marine Aerosol Marine Aerosol Sea Salt Aerosol








Value**  M (µg/m3)
Typical Sea Salt Number 
Concentration Value* 
(cm–3)





* In marine boundary layer.
**Typical sea salt mass concentrations within the lowest 20 m of the marine atmosphere normally range between 10 and 20 µg/m3,  
   but they increase rapidly with wind speed (ref. 10-49).  The average mass volume concentration of marine particulate matter near  
   sea level ranges from 1 to 4 µg/m3 for PM1, and 10 µg/m3 for PM10, where PM1 and PM10 represent particulate matter measured  

















jet drops are produced. The first (top) jet	drop	is	≈1/10	the	bubble	diameter,	with	the	maximum	jet	drop	ejection	
height	increasing	with	bubble	size,	reaching	nearly	20	cm	(for	2-mm	bubbles)	(ref.	10-38).	Initial	jet	drop	vertical	
velocities	can	range	from	5	to	20	m/s	(ref.	10-37).	For	bubbles	greater	than	7	or	8	mm,	no	jet	drops	are	produced.	
Also, film drops are produced by the bursting of the thin film of water that separates the air in the bubble from the 
atmosphere. Most film drops are <4 µm	diameter;	however,	some	can	be	>100	µm.	It	has	been	suggested	that	for	
bubbles <7 mm, the maximum film-drop production (≈75)	is	for	bubbles	in	the	narrow	size	range	of	2	to	2.5	mm.	
	 Most	of	the	mass	of	the	salt	aerosol	in	the	marine	atmosphere	probably	originates	from	jet	drops,	while	
the	most	aerosol	number	concentrations probably come from the smaller film drops (ref. 10-38). The larger spume 
drops	are	produced	by	direct	tearing	from	the	wave	tips	under	high	wind	speeds	in	excess	of	9	m/s	(ref.	10-50).	
The	largest	drops	(≈1	cm	diameter)	are	produced	by	splashing,	not	by	bubbles,	and	play	little	role	since	they	
return	to	the	sea	almost	immediately.	The	concentration	of	all	bubbles	is	≈108/m3. The film drop rate	of	produc-
tion	has	been	estimated	at	≈2	×	104/m2s,	whereas	the	jet	drop	rate	of	production	in	whitecap	regions	is	≈1.5	×	106/


























































from 0.2 to >2,500 m as shown in figure 10-5. Figure 10-5 shows sea	salt	concentration	versus	altitude	and	wind	
speed,	giving	typical	concentration	values	of	>30	µg/m3	at	surface	levels	(under	14	m/s	high	wind	conditions),	



















Woodcock (1953), Altitude 600–800 m










































Atmospheric Layers and Their Influence 
on the Vertical Distribution of Sea Salt





Dry Adiabatic Lapse Rate
Layer of Influence















Sections 7.8 and 7.9 present a general and a location-specific discussion of fog.
10.3.3  Sand and Dust
	 10.3.3.1  Impact/Effects of Sand and Dust.		Sand	storms	contain	large	amounts	of	dust	and	sand		
particles	(crustal-derived	aerosols,	mainly	silicates)	that	can	be	dispersed	over	regional	or	global	scales.		Dust/
sandstorms	mainly	present	health	and	transportation	hazards.	They	reduce	visibility,	layer	on	skin	and	clothes,	
infiltrate buildings, and find their way into food and drinking water. Pounding sand	and	dust	storms	also	wear	
away	textile	materials,	and	wreak	havoc	on	machinery,	electronics,	and	buildings.	Blowing	sand	and	dust	scour	
surfaces	and	wear	away	protective	coverings;	i.e.,	glass	becomes	frosted,	wire	wrap	wears	away,	and	electric	cir-




resuspension	of	dust by traffic or other methods must also be considered (ref. 10-16). 
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analyses	of	dune	sands	at	White	Sands dune field, New Mexico, has grain sizes	ranging	from	clay	through	very	
coarse,	with	the	dominant	grain	size	being	medium	(being	up	to	89	percent	medium	sand	in	some	of	the	samples	
taken)	(ref.	10-68).	
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millimeter-sized particles can also be blown about. The finer particles settle at ≈0.08	m/s	(≈1,000	ft/hr)	when		
the haboob finally dissipates (ref. 10-59). 
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Note: Dashed lines indicate regions with five or fewer 
episodes. Durations in these areas may be biased 
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Note: Contours are dashed in areas 
of minimal episode occurrence. Less 
confidence should be placed on 















































































	 10.3.3.5  Dust Devils.		Dust	devils	are	a	very	common	wind	phenomenon	that	occur	throughout	much		





	 10.3.3.6  Global Dust Storms.		The	effects	of	dust	storms	are	mostly	in	the	lower	2	km	of	the	atmo-
sphere, although fine dust	can	reach	great	heights	and	travel	great	distances.	Giant	sand	storms	from	the	Sahara	
Desert	can	blow	across	the	Atlantic	to	South	America,	the	Caribbean,	and	the	southeastern	United	States	(nor-
mally	in	summer),	transporting	several	hundred	million	tons	of	dust	each	year.	Sandstorms	originating	in	China’s	
Gobi Desert occasionally cross the Pacific (normally in spring) to the United	States	(ref.	10-67).	For	Asian	dust	
transported	to	the	west	coast	of	North	America,	about	30–50	percent	of	the	dust	mass	has	a	diameter	of	2.5	µm,	
































Pebble, cobble, boulder >4 >1/16
Granule 2–4 1/12–1/6
Very coarse sand 1–2 1/25–1/12
Coarse sand 1/2–4 1/50–1/25
Medium sand 1/4–1/2 1/100–1/25
Fine sand 1/8–1/4 1/200–1/100
Very fine sand 1/16–1/8 1/400–1/200


















Particle Size Period of Suspension
(time (s)) Comment/Description(mm) (in)
0.1 3.9×10–3 0.3–3 Fine sand
0.01 3.9×10–4 0.83–8.3 Dust, can go up to 700 m high











Particle Size Wind Speed Storm Width Duration Other Information
Dust storm 0–2 km
(3K–6 kft)




Day(s) to weeks Small storm: 1,000 µg/m3
Large storm: 200–1,000 µg/m3
Sandstorm 15 m
(50 ft)
150–300 µm >4.5 m/s  
(>10 mph)





10–50 µm Downdrafts of 18–
26 m/s (40–58 mph)
97–145 km
(60–90 mi)
Up to 3 hr Dust settles at 85 mm/s 
(3.3 in/s)
Dust devil 150–300 m
(500–1,000 ft)
– Up to and >27 m/s 
(up to and >60 mph)
3–91 m diameter 
(10–300 ft diameter)
A few minutes –








vive	the	5-	to	7-day	journey	across	the	ocean are a hundred times smaller than the diameter of the finest human 
hair.	Dr.	Joe	Prospero,	University	of	Miami,	has	been	measuring	dust	on	the	island	of	Barbados	since	1965.	His	
graph	showed	a	dramatic	increase	in	dust flux beginning with the onset of the North Africa drought that started 
around	1970,	with	peak	years	occurring	in	1973,	1983,	and	1987.	Variations	in	dust	concentration	measured	in	the	








Light 10 to 30 
Light to Medium 30 to 60


























States	west	coast	(ref.	10-78).	In	April	2001,	a	dust	storm	from	Asia	blew	across	the	United States and finally 	
disappeared	from	satellite	images	after	traversing	two-thirds	of	the	Atlantic	toward	England.




















updrafts in the storm, and may have a negative impact on intensification (ref. 10-81).  
10.3.4  Volcanic Particles, Ash, and Gaseous Constituents





















































































































Mean Annual Emission 








Carbonaceous aerosols 150 66–220
Fine ash** 20 NA










Volcanoes (SO2), troposphere only 5–10 3–25
  *Tg/yr = terragrams per year: 1 Tg = 1012 g = 106 metric tons.  S = sulfur.
 **Fine ash production from small volcanic eruptions.
***Time-averaged volcanic sulfate return flux to the upper troposphere from the stratosphere.
Table	10-15.		Estimates	of	volcanic	SO2	release	to	the	atmosphere*	with	range	values**	(ref.	10-85).













1.2 3.4 4.6 4.8 9.4
Range:  NA Range:  NA Range:  3–4.7 Range:  2–6.3 Range:  6.7–10.5
  *Estimates are from Stoiber et al. (ref. 10-86).
 **Range values include estimates from Andres and Kasgnoc (ref. 10-87) and Halmer et al. (ref. 10-88).
***Includes both‘small eruptions that release SO2 only to the troposphere, and large eruptions that release SO2  
    to the stratosphere. 
   †The time-averaged sulfur flux to the stratosphere from large eruptions is ≈0.5–2 Tg S/yr, from Halmer et al.  
    (ref. 10-88) and Pyle et al. (ref. 10-89). 
   ‡Malmer (ref. 10-90) presents all estimates of volcanic gas SO2 emissions into the atmosphere over the last  
    30 yr, which range from 1.5–50 Tg S/yr.
 The AMS “Glossary of Meteorology” defines pyrocumulus (or pyroconvection) as a cumulus	cloud	







 The firing of solid rocket motors (SRMs) during a rocket launch or static test	is	an	example	of	an	emis-
sion	source	which	is	of	particular	importance	for	aerospace	activities.	The	byproducts	of	the	SRMs	include	a		
significant amount of gaseous hydrogen chloride (HCl)	and	particulate	Al2O3.	The	mass	fractions	of	HCl	and	






























concentrations above this level may be encountered intermittently for at least 2 days following an SRM firing. 	
The	threshold	limit	value	for	HCl	exposure	for	workers	is	5	ppm,	and	the	exposure	limit	for	the	public	is	1	ppm	
(ref. 10-92). See section 11 for a discussion of far field effects.
	 10.3.5.1  Acid Rain.		Acid	rain	is	rain	with	a	pH	in	the	range	of	4	to	5	and	is	common	in	the	northeastern	
United	States,	southeastern	Canada,	and	in	Europe.	This	rain	is	a	result	of	the	HNO3	vapor,	H2SO4	vapor,	and	
HCl	vapor	being	dissolved	in	rain	drops.	A	pH	of	5.6	has	been	selected	to	be	the	neutral	point	below	which	pre-
















































Altitude (km) ppbv* Altitude (km) ppbv*
N2 0 and above 7.81×108 COS 0 <0.05













































































































H2SO4 (vapor) 0 to 90 Small except 
in localized 
areas
*ppbv=parts per billion volume.








































































10-34.	 Prata,	A.J.:	“Observations	of	Volcanic	Ash	Clouds in the 10–12 μm Window Using AVHRR/2 Data,” 
International	J.	Remote	Sensing,	Vol.	10,	Nos.	4	and	5,	pp.	751–761,	1989.
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11-8.	 Example	REEDM	concentration/distance	for	a	Delta	II	launch	from	CCAFS—maximum  
centerline calculations. Concentration of HCl at a height of 0.0 downwind from a Delta  


























































































































































































































































Fuel expenditure rates (W (gs–1)) 1.5219 ×	l07
Effective fuel heat content (H (calg–1)) 1,479.1
For single-engine burn:
Fuel expenditure rates (W (gs–1)) 3.8451 ×	106
Effective fuel heat content (H (calg–1)) 1,062.4
Burn time (s) 132
For slow burn:
Fuel expenditure rates (W (gs–1)) 9.8873 ×	l05
Effective fuel heat content (H (calg–1)) 1,000
Burn time (s) 1,027
 *There are two types of Shuttle launches—normal and abnormal (launch 
 failures). For a normal launch, the assumption is made that all engines  
 operate normally. In the case of a launch failure (single-engine burn on  
 pad), one solid engine of the Space Shuttle vehicle is assumed to fail to  
	 ignite,	causing	the	vehicle	to	remain	on	hold-down	configuration	while	the	 
 other solid engine is assumed to ignite and burn with the pad deluge system  
 operating normally. In the other failure mode (slow burn on pad), an on-pad  
 explosion is assumed to rupture the casings of the solid engines, scattering  









Exhaust Component SSME (mass) SRM (mass) SRM (weight)
Al203 (l and s)* – 0.30210 0.1828
CO – 0.23293 0.00042
HCl – 0.20918 0.1146
H2O 0.95939 0.10151 **
N2 0.000307*** 0.08586 **
C02 – 0.03949 0.2503
H2 0.03547 0.01884 **
FeCl2 (g, l, and s) – 0.00598 **
Cl – 0.00303 **
H 0.000085 0.00020 **
Fe (g and c) – 0.00015 **
Ar 0.00471*** – **
Traces 0.000038 0.00073 **
 Note:  l=liquid, s=solid, and g=gas.
    *Unless otherwise noted, or as noted by g, where other phases are present, the species are  
          in the gaseous phase.
   **Component weight not taken into account here.











































11.4  Potential Environmental Threats


















































































































































































































































Chemical Chemical Formula Molecular Weight CAS No.
Aluminum oxide Al2O3 101.96 1344–28–1
Hydrogen chloride HCl 36.46 7647–01–0
Carbon monoxide CO 28.01 630–08–0
Hydrazine N2H4 32.06 302–01–2
Unsymmetrical (1,1-)
   dimethylhydrazine (UDMH)
(CH3)2N2H2 60.12 57–14–7
Formaldehyde
   dimethylhydrazone (FDH)
(CH3)2N-N-CH2 72.11 2035–89–4
Nitrogen tetroxide N2O4 92.02 10544–72–6




















Chemical Chemical Formula Molecular Weight CAS No.
Aerozine–50 (CH3)2N2H2•N2H4 41.81 8065–75–6
Hydrazine N2H4 32.06 302–01–2
Hydrazine (54%) N2H4•H2O 50.07 7803–57–8
Unsymmetrical (1,1-) 
  dimethylhydrazine (UDMH)
(CH3)2N2H2 60.12 57–14–7
Monomethylhydrazine (MMH) CH3N2H3 46.09 60–34–4
Fuming nitric acid (IRFNA) HNO3 57.20 7697–37–2
Nitrogen tetroxide N2O4 92.02 10544–72–6
n-Butyl alcohol CH3(CH2)3OH 74.12 71–36–3
t-Butyl alcohol (CH3)3COH 74.12 75–65–0
Benzene C6H6 78.12 71–43–2
Freon 12 Cl2CF2 120.91 75–71–8
Isopropyl ether (CH3)2CHOCH(CH3)2 102.18 108–20–3
Acetone CH3COCH3 58.08 67–64–1

























Reference Code Reference Summary Source/Link(s)
CAS No. Chemical	Abstract	Service	(CAS)	of	the	American	Chemical	Society—Gives	unique	identifiers	 
for chemical substances.
www.cas.org
DOT UN No. Department of Transportation (DOT)—Transportation standards are given. setonresourcecenter.com/cfr/dot.htm 
49 CFR 172.101 Hazardous Materials Table
RTECS No. NIOSH Registry of Toxic Effects of Chemical Substances (RTECS)—Compendium of toxicity 
chemical data by name and degree.
www.cdc.gov/niosh/rtecs
NFPA 704: H-F-R- 
Special Hazard
National	Fire	Protection	Association	(NFPA)—Standard	System	for	the	Identification	of	the	






NIOSH National Institute for Occupational Safety and Health (NIOSH)—NIOSH Pocket Guide  
to Chemical Hazards (Publication No. 2005-149).
www.cdc.gov/niosh/npg/default.html or  
www.cdc.gov/niosh/npg/pdfs/2005-149.pdf
AIHA – ERPGs* American Industrial Hygiene Association (AIHA)—AIHA 2007 Emergency Response Planning 
Guidelines (ERPGs) to anticipate human adverse health effects caused by exposure to toxic 
chemicals. Consisting of three tiers of guidelines (ERPG-1, ERPG-2, and ERPG-3).
www.aiha.org/1documents/Committees/ERP-
erpglevels.pdf
(for 2007 AIHA ERPG’s)
ACGIH American Conference of Governmental Industrial Hygienists (HCGIH)—Threshold limit values 
(TLVs) and biological exposure endices (BEIs) based on the documentation of the TLVs for 
chemical substances/physical agents and BLIs, 2007.
www.acgih.org
OSHA Occupational Safety and Health Administration (OSHA)—OSHA sets enforceable permissible 
exposure limits (PELs) to protect workers against the health effects of exposure to hazardous 
substances. PELs are regulatory limits on the amount or concentration of a substance in the air.
www.osha.gov/SLTC/pel
AEGLs* EPA’s Acute Exposure Guideline Levels (AEGLs)—Intended to describe the risk to humans 
resulting from once-in-a-lifetime, or rare, exposure to airborne chemicals dealing with emergen-
cies involving spills or other catastrophic exposures. Acute exposures are single, nonrepetitive 
exposures	for	≤8	hr.
www.epa.gov/oppt/aegl
EPCRA EHS EPA’s Emergency Planning & Community Right to know Act (EPCRA)—42 U.S.C. 11001  
et seq. (1986). Law was designated to help local communities protect public health, safety,  
and the environment from chemical hazards.
yosemite.epa.gov/oswer/ceppoweb.nsf/content/ 
epcraOverview.htm







Emergency Planning and Community Right To Know Act of 1986 (EPCRA)—Toxic Chemicals 
– Toxic Release Inventory (TRI) Reporting.  Emissions, transfer, and waste management data for 
chemicals listed under section 313 to be reported annually as part of the community right-to-
know provisions of EPCRA.
yosemite.epa.gov/oswer/ceppoweb.nsf/content/ 
epcraOverview.htm
RMP Risk Management Plan (RMP)—Clean Air Act (CAA) Section112(r) List of Substances  




PSM Process Safety Management (PSM)—The Clean Air Act Amendment (CAAA) promulgates  
a chemical process safety standard to prevent accidental release of chemicals that could pose  
a threat to employees.
www.osha.gov
GENIUM Genium’s Handbook of Safety, Health and Environmental Data for Common Hazardous  
Substances, 1999.
www.genium.com/hazmat 
CI Chlorine Institute, Inc.—The Chlorine Manual, Fifth Ed., 1986. www.chlorineinstitute.org
USEPA U.S.	EPA—Chemical	Summary	for	Chlorine	Prepared	by	Office	of	Pollution	Prevention	 
and Toxics, EPA 749-F-94-010a, August 1994.
www.epa.gov/chemfact/s_chlori.txt
NLM U.S. National Library of Medicine (NLM)—National Institute of Health. hazmap.nlm.nih.gov
CHEM Chemical Engineers’ Handbook, Fifth Ed., McGraw-Hill Book Company. www.mcgraw-hill.com 
GPSA Gas Processors Suppliers Association (GPSA)—Engineering Data Book, 12th Ed., 2004. gpsa.gasprocessors.com
PSYS University of Oxford, Physical and Theoretical Chemistry Laboratory, Safety Data for Methane. physchem.ox.ac.uk





































































































































Model/System Type of Model Description/Applicability
AFTOX Gaussian puff/plume diffusion model Instantaneous and continuous chemical liquid and gas releases from any elevation.  Includes 
buoyant rise for stack plumes and evaporation for liquid spills. Replaces older OB/DG model.
BlastDFO Physics-based model with both 
probabilistic and deterministic 
modules
A physics-based computer model	used	to	assess	far	field	blast	overpressure.	Currently	used	
to determine the risk	from	flying	glass	resulting	from	the	overpressure	hazard	of	a	catastrophic	
launch abort.
CALPUFF Multilayer, multispecies, nonsteady-
state puff air quality dispersion model
Predicts/simulates the time and space toxic concentrations for each pollutant regarding its 
transport, transformation, and removal. Uses CALMET (meteorological model) and CALPOST 
(postprocessing package). 
CRTF Probabilistic debris dispersion model Calculates impact location of each piece of debris after a launch vehicle explosion.
ERDAS Dispersion assessment system Produces meteorological forecasts and enhanced dispersion estimates and runs all Range 
Safety toxic and blast physics models.  
FATEPEN2 Debris fragment dispersion model Used within the ILRO-VTB system.
HYPACT Lagrangian particle and Eulerian 
concentration transport model
Used for vehicle processing-related spills within ERDAS. Uses plume info from REEDM  
and disperses plume using RAMS. To replace OB/DG.
ILRO-VTB Real-time Web-based virtual test bed 
software system
Commands and controls communication and intelligent simulation environment of ground 
vehicle, launch, and range operation activities. REEDM and CALPUFF are used within  
ILRO-VTB.
JAVA3D Debris dispersion graphics simulation 
model
Can simulate a Shuttle explosion during launch.
LATRA Probabilistic toxic risk assessment 
model
Incorporates toxic launch commit criteria by performing Monte Carlo runs considering launch 
normal and failure modes, and computing population casualty statistics from wind-blown toxic 
emissions. REEDM simulates the dispersion for LATRA.
LATRA3D Launch area toxic risk assessment 
three-dimensional model
A	computer	program	designed	to	estimate	serious	injury	casualties	given	potential	exposure	
of the general public and mission support personnel to toxic rocket propellant chemicals. 
This model is a statistical risk model built around a Gaussian puff atmospheric transport and 
dispersion model.  
OB/DG Empirical diffusion model equation Nonlaunch day continuous toxic model used for analysis, display, and prediction of the disper-
sion of toxic releases during vehicle processing on nonlaunch day within the ERDAS.
RAMS Three-dimensional, multiple-nested 
grid mesoscale numerical weather 
prediction model
Contained within ERDAS to provide emergency response guidance in the event of an  
accidental material release or aborted vehicle launch. 
REEDM 7.13 Deterministic, Gaussian-type toxic 
gas diffusion model coupled to a 
wind	field	model
Supports launch day toxic dispersion	modeling,	static	firings,	normal	launches,	conflagrations,	
and	deflagrations.
VR Virtual range is a range safety Monte 
Carlo simulation environment
Determines expectation of casualties (Ec) resulting from toxic gas dispersion (CALPUFF), 
caused by failed space launch and subsequent explosion of spacecraft after lift-off.  Also, 
capable of determining Ec from falling debris (CRTF).
VTB Virtual test bed software Simulates the mission, control, ground vehicle, launch, and range operations.
WES Weather expert system module 
within VTB
To support “go/no-go” decisions for NASA Shuttle operations within the ILRO-VTB program. 










































































































































11.10  Computer Models
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 calculations. Concentration of HCl at a height of 0.0 downwind from a Delta 7925 conflagration  
 launch (calculations apply to the layer between 0.0 and 1,915.4 m).
Range From Pad 
(m)




Cloud Arrival Time 
(min)
Cloud Departure Time 
(min)
1,000.5293 217.6349 144.8415 1.2933 8.8407
2,000.2646 218.5666 69.7382 6.7131 14.2898
3,000.1765 218.8772 39.2904 12.1219 19.7500
4,000.1323 219.0326 25.1247 17.5200 25.2209
5,000.1060 219.1258 17.3814 22.9077 30.7021
6,000.0884 219.1880 12.6767 28.2856 36.1932
7,000.0757 219.2323 9.6025 33.6541 41.6936
8,000.0664 219.2656 7.4841 39.0140 47.2027
9,000.0586 219.2915 5.9644 44.3656 52.7199
10,000.0527 219.3123 4.8394 49.7098 58.2446
11,000.0479 219.3292 3.9851 55.0471 63.7762
12,000.0439 219.3433 3.3229 60.3780 69.3142
13,000.0410 219.3553 2.8007 65.7031 74.8580
14,000.0381 219.3655 2.3827 71.0230 80.4070
15,000.0352 219.3744 2.0441 76.3380 85.9609
16,000.0332 219.3822 1.7669 81.6486 91.5191
17,000.0312 219.3890 1.5382 86.9553 97.0814
18,000.0293 219.3951 1.3483 92.2583 102.6473
19,000.0273 219.4006 1.1899 97.5580 108.2164
20,000.0273 219.4055 1.0572 102.8548 113.7886












































Forecast time: –0.40 hour Date:  10/25/2006 Time:  20:14
CONFLAGRATION Ec and Pc
Vehicle: DELTA 7925




Number of Monte Carlo Runs: 1,000
Total Ec (xE–6) Max. Individual Risk (xE–6)
Mild Moderate Severe Mild Moderate Severe
General Public: 152,829.69 3,384.17 34.27 948.27 96.72 1.20
CCAF Area: 6,327.11 215.97 0.70 902.39 66.37 0.32
KSC Area: 0.00 0.00 0.00 0.00 0.00 0.00
Spectators (on base): 0.00 0.00 0.00 0.00 0.00 0.00
Combined: 159,156.78 3,600.14 34.97
Ec Values by Receptor for All Scenarios Rel From Pad
Total 
Population
Total Ec (xE–6) Max. Ind. Risk (xE–6)
Receptor ID/
Description Location Range Bearing Mild Moderate Severe Mild Moderate Severe
69 OFF-69 Cape Canaveral 5,700.2 217.0 16,699 95,638.81 663.16 4.53 665.47 21.42 0.17
8 OFF-8 Port Canaveral 4,236.7 220.3 100 18,473.74 1,840.12 22.82 948.27 96.72 1.20
1 OFF-1 Port Canaveral 5,481.1 219.3 1,553 12,541.63 276.10 1.88 657.41 26.89 0.19
7 OFF-7 Port Canaveral 5,462.3 225.9 100 7,653.04 427.65 4.98 396.02 22.49 0.26
429 OFF-429 Port Canaveral 6,360.9 228.7 353 2,204.80 20.76 0.00 196.55 10.28 0.00
437 OFF-437 Port Canaveral 6,527.2 230.6 449 2,043.67 16.51 0.00 140.70 8.22 0.00
426 OFF-426 Port Canaveral 6,502.3 229.9 353 1,816.39 17.86 0.00 156.45 8.88 0.00
81 OFF-81 Cape Can/Coco 8,041.7 208.0 4,276 1,742.00 0.53 0.00 158.04 0.08 0.00
433 OFF-433 Port Canaveral 5,955.8 219.8 93 1,691.17 16.76 0.06 540.82 16.19 0.06
3 OFF-3 Port Canaveral 7,289.9 240.0 5,852 1,505.31 30.95 0.00 23.62 0.84 0.00
431 OFF-431 Port Canaveral 6,493.2 229.3 235 1,230.63 9.20 0.00 170.59 9.10 0.00
2 OFF-2 Port Canaveral 7,052.9 241.5 5,340 1,205.26 32.62 0.00 18.83 0.96 0.00
430 OFF-430 Port Canaveral 6,638.2 230.9 258 1,050.73 7.37 0.00 129.86 7.34 0.00
4 OFF-4 Port Canaveral 7,374.8 237.6 2,829 1,041.10 16.42 0.00 37.44 0.91 0.00
435 OFF-435 Port Canaveral 5,681.3 220.4 40 699.97 0.54 0.00 174.99 0.14 0.00
67 OFF-67 Port Canaveral 6,981.1 231.7 688 573.24 5.01 0.00 103.12 5.01 0.00
5 OFF-5 Cocoa Beach 11,736.5 211.4 342 397.23 0.27 0.00 28.10 0.02 0.00
434 OFF-434 Port Canaveral 6,493.2 229.3 57 240.92 0.02 0.00 48.18 0.00 0.00
432 OFF-432 Port Canaveral 6,136.3 239.4 161 231.86 2.28 0.00 42.22 2.28 0.00
436 OFF-436 Port Canaveral 6,493.2 229.3 40 192.73 0.02 0.00 48.18 0.00 0.00
413 CCF-413 NOTUBERM   9 3,382.1 213.6 4 3,609.57 40.24 0.00 902.39 10.06 0.00
258 CCF-258 1115 2,282.5 230.4 2 1,367.71 92.70 0.38 683.86 46.35 0.19
415 CCF-415 RB–14   9 2,112.5 229.8 1 842.59 66.37 0.32 842.59 66.37 0.32
11-28

























































































Velocity of Sound Velocity of Sound
Velocity of Sound
Velocity of Sound
Ray Paths Ray Paths Ray Paths
Ray Paths Ray Paths
(a) Standard Sonic Profile (b) Gradient Sonic Profile (c) Inversion Sonic Profile
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Based on NOAA, Storm Prediction Center Statistics















Maximum (M)/ Range (R) Comments or Background
Tornado direction A=From SW to NE Or W to E, or from any direction
Tornado duration A=<10 min R=several seconds to >1 hr
Yearly tornado frequency R=1,000–1,200 With 60–70 fatalities, and ≈1,500 injuries
Time of tornado occurrence A=3 to 9 p.m. LST Or any time
Worst tornado month A=May, then June May 2003 with maximum of 543 recorded
Tornado forward speed A=13.4 m/s (30 mph) R=approximately stationary to 31.3 m/s (70 mph)
Maximum rotating wind speed M=>112 m/s (>250 mph) Unknown upper limit
Highest measured tornadic wind M=142 m/s (318 mph)** Doppler radar, F5, Bridge Creek, OK, May 3, 1999
Widest observed path M=4 km (2½ mi) wide Hallam, NE, F4 tornado, May 22, 2004
Longest observed path M=352 km (219 mi) long Tri-state tornado, March 18, 1925
Highest elevation tornado M=3048 m (10,000 ft) ASL Sequoia National Park, CA, July 7, 2004
Measured tornado pressure drop M=2.95-inHg (100-mb) drop Via “turtle,” Manchester, SD, tornado June 24, 2003 
Hurricane-spawned tornadoes Do occur In supercells within the outer bands, in hurricane NE quadrant, 
   (NNW through ESE of center). Hurricane Beulah in 1967 
   spawned 115 tornadoes
Probability of a tornado hit About once/1,000 yr Probability tornado can hit any square mile of land
Deadliest U.S. tornado M=695 killed Tri-state tornado, March 18, 1925
Deadliest U.S. tornado day M=April 3, 1974 308 people killed
Biggest tornado outbreak M=147 tornadoes April 3–4, 1974, in 13 U.S. states; 310 killed and 5,454 injured;
   48 were killer tornadoes, 7 were rated F5 and 23 rated F4
City with most tornado hits M=Oklahoma City, OK Oklahoma leads with known total now of 112, through 2003, followed 
   by Huntsville, AL* (site of NASA Marshall Space Flight Center)
 *Based on Tatom SATT (ref. 12-8) statistics through 2003; using tornado-affected land area within a 32.2-km (20-mi) radius 
   of center of cities with population >100,000.
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39 <1.6 <1 5–15 m 6–17 yd 
(<0.01 mi)









36 1.6–5 1–3.1 16–50 m 18–55 yd 
(0.01–0.03 mi)









19 5.1–15.9 3.2–9.9 51–160 m 56–175 yd  
(0.04–0.09 mi)




F3 Severe 70.6–92.1 m/s 
158–206 mph 
137–179 kt









F4 Devastating 92.5–116.2 m/s 
207–260 mph 
180–226 kt
1 51–159 32–99 0.51–1.59 
km




F5 Incredible 116.7–142.2 m/s 
261–318 mph 
227–276 kt




F6–F12 Inconceivable 142.6 m/s  
319 mph to 
speed  of sound 
<<<1 Unknown Unknown Unknown Unknown >EF5 EF no rating – –
   * Based on the fastest 0.4-km (0.25-mi) wind. The respective 3-s gust values are slightly larger than the 0.4-km (0.25-mi) wind speeds.
 ** Taken from reference 12-14. 
*** The above guidelines are based on conceptual wind speeds, path widths, and path lengths. Most tornadoes do not follow these guidelines, however. Some of the most 
 intense tornadoes have traveled <161 km (<100 mi). On the other hand, an F2 tornado has produced a path width up to 229 m (250 yd) and a path length of 30.6 km 
 (19 mi), which does not follow the above guidelines.
Note: Important note about F-scale winds: Do not use F-scale winds literally. These precise wind speed numbers are actually guesses and have never been scientifically 
verified. Different wind speeds may cause similar-looking damage from place to place—even from building to building. Without a thorough engineering analysis of tornado 
damage, in any event, the actual wind speeds needed to cause that damage are unknown.  
Table	12-3.		F-scale	U.S.	tornado	occurrences	and	path	length	characteristics	
	 over	a	70-yr	period	(1916–1985)	(ref.	12-4).	
F-Scale F0 F1 F2 F3 F4 F5 All F
Total No. of tornadoes 7,911 11,574 7,963 2,878 640 88 31,054
Percentage of total tornadoes 25.5 37.3 25.6 9.3 2 0.3 100














Percentage of total path lengths 7.3 22.9 32.5 21.8 13.2 2.4 100




















































≥100 to <200 mph
(≥45 to <89 m/s)
≥200 to <300 mph
(≥89 to <134 m/s)
≥300 to <309 mph





























No. Tornadoes Within  
32 km (20 mi) of Spot** ACF (%)***
Approximate Distance  
From NASA Facility
Alabama 34º48m/86º41m   56 (8-15-16-6-6-5) 0.1349 16 km (10 mi) N of MSFC
California 33º53m/118º4m   40 (26-9-5-0-0-0) 0.0151 254 km (158 mi) ESE of VAFB
114 km (71 mi) S of EAFB/DFRC
373 km (232 mi) SE of ARC
35 km (22 mi) SE of JPL
Florida 28º26m/81º18m   72 (27-25-14-5-1-0) 0.0316 66 km (41 mi) WSW of KSC
Louisiana 32º30m/93º32m   86 (5-40-16-19-6-0) 0.0975 430 km (267 mi) NW of MAF
Maryland 38º45m/76º55m   43 (8-23-7-4-1-0) 0.0260 27 km (17 mi) S of GSFC
Mississippi 31º58m/89º28m   74 (9-22-20-16-7-0) 0.1397 179 km (111 mi) N of SSC
New Mexico 33º55m/103º00m   37 (26-7-4-0-0-0) 0.0259 367 km (228 mi) ENE of WSTF
Ohio 41º42m/84º39m   46 (8-13-16-5-4-0) 0.0794 235 km (146 mi) W of GRC
Tennessee 35º14m/87º28m   38 (7-11-10-6-2-2) 0.1382 98 km (61 mi) NW of MSFC
Texas 35º21m/100º10m   57 (26-11-5-10-6-0) 0.0980 801 km (498 mi) NW of JSC
Utah 40º19m/110º11m     3 (2-0-0-1-0-0) 0.0148 246 km (153 mi) SE of Thiokol
Virginia 37º14m/77º11m   39 (4-14-9-6-6-0) 0.0374 76 km (47 mi) WNW of LaRC
171 km (106 mi) W of WFF
Washington, DC† 38º48m/77º02m   45 (9-24-7-4-1-0) 0.0226 10 km (6 mi) S of HDQT
USA (Nebraska)‡ 40º46m/98º07m 116 (48-40-14-6-5-3) 0.2036 (Does not apply)
Oklahoma 35º34m/96º31m   86 (18-19-22-16-8-3) 0.1800 (Does not apply)
  *There is the possibility that the tornado-prone location in an adjacent state may be closer to the NASA facility than the tornado-prone  
 location in the home state.
 **Total number of tornadoes, followed by a breakdown of that number by the Fujita tornado intensity levels (F0–F1–F2–F3–F4–F5). 
***ACF is the annual, average, area fraction of the land disturbed by tornadoes within the 32-km (20-mi) circle land area (in percent).  
 Calculated from SATT 3.0 model.
   †Since Washington, DC, has such small land area, the calculation of the most tornado-prone spot for Washington, DC, included data  
 from Virginia and Maryland which are within 32 km (20 mi) of the point in question.













Tornado Intensity F0 F1 F2 F3 F4 F5 ALL F

























































































































































































































































Year in  
Circular Region
Area* (A2) of  
Circular Region  









(yr)(km2) (mi2) (km) (mi)
Marshall Space Flight Center, Alabama 134 2.58 10,179 3,930 56.89 35.36 8.069×10–4 1,239
Kennedy Space Center, Florida 124 2.38 10,839 4,185 58.73 36.50 7.498×10–5 13,337
Vandenberg AFB, California 3 0.0577 10,179 3,930 56.89 35.36 4.827×10–10 2.071×109
Edwards AFB, California 8 0.154 10,179 3,930 56.89 35.36 1.851×10–8 5.402×107
Michoud, Louisiana 101 1.94 10,645 4,110 58.20 36.17 3.627×10–5 27,571
Stennis SC, Mississippi 196 3.77 10,645 4,110 58.20 36.17 7.150×10–4 1,399
Johnson Space Center, Texas 310 5.96 10,736 4,145 58.44 36.32 3.121×10–4 3,204
White Sands, New Mexico 7 0.135 10,412 4,020 57.55 35.77 1.017×10–6 9.833×105




Mean Number of 
Tornadoes Per 
Year in  
Circular Region*
P (A2:N) 
A2=7.3 km2 (2.8 mi2)
P (A2:N) 
A2=2.59 km2 (1 mi2)
N=1 yr N=10 yr N=100 yr N=1 yr N=10 yr N=100 yr
Marshall Space Flight Center, Alabama 2.58 1.850×10–3 1.835×10–2 1.69×10–1 6.563×10–4 6.543×10–3 6.354×10–2
Kennedy Space Center, Florida 2.38 1.603×10–3 1.591×10–2 1.48×10–1 5.685×10–4 5.671×10–3 5.528×10–2
Vandenberg AFB, California 0.0577 4.142×10–5 4.14×10–4 4.133×10–3 1.468×10–5 1.468×10–4 1.467×10–3
Edwards AFB, California 0.154 1.105×10–4 1.105×10–3 1.099×10–2 3.919×10–5 3.918×10–4 3.911×10–3
Michoud, Louisiana 1.94 1.331×10–3 1.323×10–2 1.247×10–1 4.719×10–4 4.709×10–3 4.611×10–2
Stennis SC, Mississippi 3.77 2.564×10–3 2.554×10–2 2.280×10–1 9.169×10–4 9.131×10–3 8.765×10–2
Johnson Space Center, Texas 5.96 4.048×10–3 3.975×10–2 3.334×10–1 1.437×10–3 1.428×10–2 1.339×10–1
White Sands, New Mexico 0.135 9.473×10–5 9.469×10–4 9.428×10–3 3.358×10–5 3.358×10–4 3.353×10–3



















12.3.5  Tornado Occurrences at NASA Sites
	 Tornado	occurrences	at	or	near	NASA	sites	are	presented	in	this	section.	Further	occurrence	maps		
of	tornadoes	(and	hail/wind)	for	various	NASA	sites	are	given	in	section	12.7.







Southeast United States  





Central Atlantic Coast (Wallops) Virginia/North Carolina/northeast Tennessee   3.64   4.5
South Atlantic Coast South Carolina/east Georgia/north Florida   2.42   5.7
Florida Peninsula (Kennedy) Florida Peninsula 12.1   1.1
Interior Southeast (Marshall) East Arizona/north Mississippi/north Alabama/Tennessee   4.5 11.6
Gulf Coast (Stennis/Michoud) Southeast Louisiana/south Mississippi/south Alabama, 
  and southwest Georgia/Florida Panhandle
  6.3   7.9
 *NASA facility indicated here.
**Tornado data normalized to an standard unit area of 25,900 km2 (104 mi2).











































































Time Prior (–) and After (+) 05:00 UTC February 23, 1998 (min)






















































































Tornado Parameter 1º Square Surrounding JSC 3º Square Surrounding JSC
Equivalent area 10,710 km2 (4,135 mi2) 96,392 km2 (37,217 mi2)
Circular area radius r=58.4 km (36.3 mi) r=175.1 km (108.8 mi)
ACF tornado probability 3.53×10–4 1.2×10–4
Return period 2,825 yr 8,333 yr
Total No. tornadoes 282 (yearly avg.=6.1 813 (yearly avg.=17.7)
No. tornadoes with tracks 49 (yearly avg.=1.1) 159 (yearly avg.=3.5)
Percent tornadoes with tracks 17.4% 19.6%
Prevailing tornado direction Feb.–July: W through SW=66%  
Aug.–Jan.: W through SW=70%  
Feb.–July: SW through S=34%  
Aug.–Jan.: SW through S=80%
Feb.–July: W through SW=70%  
Aug.–Jan.: W through SW=62%  
Feb.–July: SW through S=30%  
Aug.–Jan.: SW through S=57%
Percent tornadoes by hour 12 to 18 hr (LST)=49%  
7 to 18 hr (LST)=76%
12 to 18 hr (LST)=48%  
7 to 18 hr (LST)=73%
Tornadoes by month Maximum is May=21% (58 tornadoes)  
March–July=46% (129 tornadoes)  
Aug.–Nov.=37% (104 tornadoes)
Maximum is May=20% (164 tornadoes)  
March–July=45% (367 tornadoes)  
Aug.–Nov.=33% (268 tornadoes)
Tornadoes by year Minimum=0 (for 6 yr)  
Maximum=42 (for 1983)
Minimum=0 (for 1951)  
Maximum=89 (for 1983)
Tornadoes by intensity F0=47.5%  
F0 and F1=80.9%  
F0 to F3=99.3%  
F2 to F4=19.1%  
F5=0%
F0=46%  
F0 and F1=77.2%  
F0 to F3=99.6%  



































































Ground Path of Center 
   of Hurricane David (DAV)
Tornado Occurences
Abrev. Hurricane Date
 AL Allen 8/80
 AML Amelia 7/78
 BAB Babe 9/77
 CAR Carmen 8/74
 DAN Danielle 9/80
 DAV David 8/79
 DEB Debra 8/78
 DEL Delia 9/73
 ELO Eloise 9/75






































All Days (Total Bar Height)
Landfall Days









































































































12.5  Other Similar Tornadic-Type Storm Events






































































































































































































































































































































































































Maximum Sustained  
Wind Speed 
Minimum Central 
Pressure* Storm Surge** Damage 
Category(m/s) (mph) (kt) (mb) (inHg) (m) (ft)
1 33–42 74–95 64–82 >980 >28.94 1–1.7 3–5 Minimal
2 43–49 96–110 83–95 979–965 28.91–28.50 1.8–2.6 6–8 Moderate
3 50–58 111–130 96–113 964–945 28.47–27.91 2.7–3.8 9–12 Extensive
4 59–69 131–155 114–135 944–920 27.88–27.17 3.9–5.6 13–18 Extreme
5 70+ 156+ 136+ <920 <27.17 5.7+ 19+ Catastrophic
Tropical depression <17 <39 <34 – – – – None or minimal
Tropical storm 18–32 39–73 35–63 – – – – Minimal
  *Classification by central pressure was ended in the 1990s, and wind speed alone is now used. These estimates of the central pressure 
 that accompany each category are for reference only.
**Surge values are for reference only. The actual storm surge experienced will depend on offshore bathymetry and onshore terrain and construction.
























Category Maximum No. Minimum No.
1965–2006 
Average No.






























   *POR for entire Atlantic basin (1944–2006); POR for the U.S. coastline (1899–2006). 
 **The latest year with this number.
***T.M. Hall, Personal Communication, and reference 12-73.
  †1886 is recorded as the most active hurricane season for the continental United States with seven landfalling hurricanes.
  ‡1851–2006 average (ref. 12-74).


































 Temp Dew Point Wind Pressure Altitude
 (°C) (°C) (mph) (mb) (m)
Figure	12-22.		Graphic	hurricane	program	indicating	various	meteorological	values	
	 within	a	typical	hurricane	structure	(ref.	12-77). 
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Figure 12-25.  Mean wind speed profile (normalized by 700-mb (20.67-inHg) wind speed) for eyewall 
 and outer vortex soundings (ref. 12-83). 
of the cyclone center is also shown. In the outer part of the vortex, the low-level wind maximum is found  
at a somewhat higher elevation and is not as pronounced as in the eyewall. The ratio of the surface to 700-mb 
(20.67-inHg) wind (R700) is 0.78 in the outer vortex and 0.91 in the eyewall. This study is based on a sample of 
357 quality-controlled eyewall profiles from 17 hurricanes (1997–1999). A majority of these dropsonde releases 
were made from the 700-mb (20.67-inHg) level (≈3,050 m (≈10,000 ft)). 
 12.6.6.2.4  Estimating Hurricane Wind Gusts Over Land Relative to Sustained Winds Measured Over 
Water.  The S-S scale for categorizing hurricane intensity and damage potential is associated with 1-min wind 
speeds. The ASCE-7 Standard (for structural engineering purposes) defines these 1-min speeds as measured  
at 10 m (33 ft) over open water. Simiu (ref. 12-84) related the 3-s wind gust ratio estimated over land to the 60-s  
sustained wind measured over water, and found that at 10 m (33 ft) above open water, it equals 1.03 using the 
power law model. However, Simiu indicated that the logarithmic law model gave ratios varying from 1.03 to 1.12, 
depending on the surface roughness over water. The ratio value 1.07 is reasonable to use for operational purposes; 
















open water   , (12.13)
where R is ratio.
12-43
Table	12-12.		Mean	hurricane	eyewall	wind	variation	with	elevation	(ref.	12-83).	
Height Wind  
(% of Surface)
Pressure Force  
(% of Surface)(m) (ft)
10.0 33 (sfc) 100 100
15.2 50 103 106
30.5 100 108 151
45.7 150 111 123
61.0 200 115 132
76.2 250 117 137
91.4 300 119 142
121.9 400 121 146
152.4 500 123 151
182.9 600 125 156
228.6 750 128 164
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	 12.6.6.3  U.S. Hurricane Landfall Frequency.  East	Coast:	Figure	12-28	gives	all	the	hurricane		
strikes	for	the	continental	United	States	between	1950	and	2007,	for	all	hurricane	intensities	(categories	1–5)		
(ref.	12-89).	























>34 kt (39 mph) >50 kt (58 mph) >64 kt (74 mph)











12.6.7  Florida Hurricane Statistics








This map image is part of the above NOAA http address. The map is actually on:
http://www.ncdc.noaa.gov/img/climate/severeweather/hurricane2007.pdf, which is a sub-set of the above main


























Extent of  
Hurricane-
Force Winds














(m/s) (mph) (km) (mi) (km) (mi) (m) (ft) (cm) (in) (cm) (in)
Bonnie (TS) Aug. 12 20.6   46 – – – – – – 3.8–6.4 1.5–2.5 – –
Charley (4) Aug. 13 67.1 150   54   34   35 22 2.5 8.2 – –   8.4 3.3
Frances (2) Sept. 5 46.5 104 279 173 156 97 2.5 8.2 20–23 8–9 17.3 6.8
Ivan (3) Sept. 16 54.1 121 227 141 141 88 2.7 8.9 20–23 8–9   9.4 3.7
Jeanne (3) Sept. 26 54.1 121 253 157 179 111 1.8 5.9 15–18 6–7 14.2 5.6






















































































































































































POR**No. of H1 No. of H2 No. of H3 No. of H4 No. of H5
Langley, VA 30   4 1 1 0 0   6 36 1854–2004
Wallops, VA 28   3 2 1 0 0   6 34 1854–2004
Goddard, MD 10   0 1 0 0 0   1 11 1876–1955
Headquarters, DC 10   1 1 0 0 0   2 12 1876–1955
Glenn, OH   0   0 0 0 0 0   0   0 –
Kennedy, FL 26 10 4 3 0 0 17 43 1852–2006
Stennis, MS 24   9 3 5 1 1 19 43 1855–2005
Michoud, LA 22 10 4 3 2 1 20 42 1855–2005
Slidell, LA 25   9 3 4 1 1 18 43 1855–2005
Marshall, AL   8   0 0 0 0 0   0   8 1879–1995



















Ames, CA 1 1 0 0 0 2 1965–1997
JPL, CA 0 4 3 0 0 7 1959–1978
Dryden, CA 0 4 2 0 0 6 1963–1997
Holloman AFB, NM 1 4 1 0 0 6 1970–1992
VAFB, CA 1 4 1 0 0 6 1972–2000
   *Eastern and Central U.S. NASA sites use 93-km (50-nmi) radius from site, while Western U.S. NASA sites use 370-km (200-nmi) radius from sites. 
  **The time range at site in which the storms have occurred over.
***E=extratropical type storm





No. of Tropical 
Storms
No. of Tropical 
Depressions
Total No. of  
Tropical Cyclones
Total No. of storms 48 57 48 153
TC yearly average 1.4 1.6 1.4 4.4



































Radius of KSC 




Total No.  
of Tropical 
Storms(km) (nmi) H1 H2 H3 H4 H5










































































































































































































































*Top value in table pertains to 185-km (100-nmi) distance and bracketed value below pertains to 370-km (200-nmi) distance.
Note: There are occurrences of the lower hurricane intensities (or even tropical storm intensity) within the specified distance from  
KSC not indicated in this hurricane table, as the highest hurricane intensity (for the hurricane in question) was used to compile this  
table. Likewise, the tropical storm numbers may have included hurricane intensities somewhere else on their track within the  
specified distance from KSC; i.e., one storm track may include both a tropical storm track and a hurricane track, both within that  
specified distance from KSC.










Speeda Peak Wind Speeda
Wind Speed Commentsa KSC Damage/Impact(m/s) (mph) (m/s) (mph)
Unnamed Oct. 3–5, 1948 – – – – Hurricane winds at Capeb –
King Oct. 18, 1950 – – – – – Patrick rain=39.1 cm (15.4 in)
Cleoc Aug. 27, 1964 – – 34.9 78 At 30 m (98 ft) LC37 S.S. ($360,000 from
Dorac Sept. 9, 1964 – – 42.5/45.5 95/101.7d At BH 21 m (69 ft)/LC34 315 ft both Cleo and Dora)
Alma June 9, 1966 – – 40.7 91 At 90 m (295-ft) tower No. 313 Caused rollbacke
Abby June 5, 1968 – – 34.4/38.9 77/87 At 18.3-m (60-ft)/150-m (492-ft)  
  tower No. 313
Gladys Oct. 19, 1968 – – 29.1 65 At 90-m (295-ft) tower No. 313 Rainfall=31.8 cm (12.5 in)
Jane Nov. 11, 1968 – – 27.7 62 At 150-m (492-ft) tower No. 313 –
Jenny Oct. 3, 1969 – – 27.3 61 At 120-m (394-ft) tower No. 313 –
Tropical 
depression
Aug. 6, 1970 – – – – – Moved into KSC
Agnes June 19, 1972 – – 30.4/32.6 68/73 At 39A 18.3 m (60 ft)/150 m (492 ft)  
  No. 313
–
Davidf Sept. 3–4, 1979 – – 34.4 77 At 0.9-m (3-ft) level $100,000 damage
T.S. Klaus Oct. 9–10, 1990 – – – – – Caused rollback
Erin Aug. 2, 1995 – – 37.1 83 At USAF wind tower Caused rollbackg
Bertha July 11, 1996 – – – – – Caused rollback
Fran Sept. 5, 1996 – – – – – Caused rollback
Floydh Sept. 15, 1999 29.5 66 40.7 91 At 9.1-m (30-ft) SLF tower Some damage
Irene Oct. 16, 1999 30.8 69 37.1 83 At 9.1-m (30-ft) SLF tower Some damagei
Charley Aug. 13, 2004 –/28.6 –/64j 38.9/38.4 87/86 At SLF/16.5-m (54-ft) tower No. 421 $700,000 damage
Francesk Sept. 5, 2004 31.3 70l 42.0 94 At 9.1-m (30-ft) SLF tower $100,000,000 damage
Ivanm Sept. 16, 2004 – – – – Little damagem
Jeannen Sept. 26, 2004 24.1 54o 28.6 64 At surface Some damage
Jeanne 30.4 68 41.6 93 At 150-m (492-ft) tower No. 313 –
Jeanne 36.7 82 41.6 93 At 160-m (525-ft) VAB levelp –
Jeanne 25.9 58 37.1 83 At 16.5-m (54-ft) tower No. 1007 –
Ophelia Sept. 8, 2005 9.8/17.4 22/39 19.7/26.8 44/60 At SLF/tower No. 394 SLF rain=    cm (2.8 in)
Wilma Oct. 24, 2005 –/28.6 –/64 34.0/42.0 76/94 At SLF/39B 18.3-m (60-ft) tower Minor damageq
TD Ernestor Aug. 30, 2006 –/– –/– 19.7/25.0 44/56 At 39B 18.3-m (60-ft)/(150-m (492-ft)  
  tower No. 313
Partial rollback 
a The listed wind speeds were measured at or near the NASA KSC/Cape Canaveral area. Highest 2-min-averaged sustained winds and peak wind gust (most listed
 are probably 3-s average gust) are also included. The SLF has three 9.1-m (30-ft) wind towers.	
b Reference 12-101.
c Cleo & Dora: Induced damage to LC39A, KSC Headquarters, and Hanger AFB. Delayed Gemini-Titan II launch.
d Reference 12-68. 
e Alma: Caused the Saturn V 500-F dummy vehicle to be rolled back from pad 39A on June 8, 1966, due to the its influence. Sheets of rain and 27-m/s (60-mph) wind gusts 
hampered its journey back to the VAB.
f David: Produced tornado near VAB causing roof damage. Also water damage. David (cat. 2) moved inland 32 km (20 mi) south of Melbourne with 40-m/s (90-mph) winds 
and traveled north along the Indian River Lagoon to exit at New Smyrna Beach. It was the first hurricane to strike the Cape Canaveral area since the hurricane of 1926  
(ref. 12-68). David spawned over 10 tornadoes while passing over the state, though causing no deaths or injuries.
g Erin: Produced some KSC damage. Total rainfall at Melbourne AP=27.4 cm (10.8 in). NASA Wallops Island rocket launch delayed 3 days due to Hurricane Erin.
h Floyd: Passed 195 km (121 mi) east of KSC and caused minor KSC damage, including VAB siding panels and pad 39B damage. Buoy 204 km (110 nmi) east-northeast  
of Cape Canaveral broke loose from its mooring in waves >15 m (>50 ft), with 36-m/s (80-mph) sustained winds and gusts >45 m/s (100 mph).
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i Irene: Produced damage to buildings of light construction. VAB had minor damage with some siding panels blown off. Total rainfall=16.5 cm (6.5 in).
j Charley: Produced sustained winds at KSC >40 kt (>46 mph) for 5 hr. Total rainfall=6.6 cm (2.6 in). 
k Frances: Removed 820 large siding panels from VAB south wall. Extensive damage. KSC closed for 11 days. Total rainfall=20.3 cm (8 in).
l Frances: Produced sustained winds at KSC >31 m/s (>70 mph) for 30 hr and >22 m/s (>50 mph) for 36 hr.
m Ivan: Did not affect KSC, as hurricane Ivan made Gulf landfall near the Alabama-Florida border with little or no damage at NASA Stennis, MS, and NASA Michoud,  
LA. Ivan also generated the largest ever-measured significant wave height (SWH) in the Gulf of Mexico by a buoy. Buoy No. 42040 recorded a SWH of 15.96 m (52.4 ft), 
which translates (a 1.8 factor) into a maximum wave height of ≈29 m (≈95 ft). Only two other U.S. buoy measurements exceed this value, with a 16.9-m (55.4-ft)   
SWH recorded in the south Gulf of Alaska during 1991 (ref. 12-103).
n Jeanne: Removed 25–30 more siding panels from VAB east wall. Jeanne’s eye entered 98 km (61 mi) south of KSC. Total rainfall=7.6 cm (3 in).
o Jeanne: Produced sustained winds at KSC >22 m/s (>50 mph) for 21 hr.
p Jeanne: Measured atop VAB.
q Wilma: Produced sustained winds at KSC’s pad 39B >18 m/s (>40 mph for over 9 hr, and >26 m/s (>58 mph) for over 5 hr. Also a tornado touched down briefly near the 
south entrance to KSC on north Merritt Island. Wilma slightly damaged a 61-m- (200-ft-) tall Atlas 5 rocket when the reinforced fabric door to the Vehicle Integration Facility 
at CC Complex 41 failed, causing minor damage to the rocket and GSE. Total rainfall=34.5 cm (13.6 in). Wilma also became the most intense Atlantic hurricane on record, 
in terms of barometric pressure, by registering a minimum central pressure of 26.05 inHg (882 mb). 
r Ernesto: Postponed Atlantis launch. No damage to Shuttle Atlantis at pad 39B nor to Delta II at pad 17-B. Total rainfall=10.7 cm (4.2 in). Ernesto was downgraded to a  
tropical storm at landfall and tropical depression as it passed through Florida. Partial rollback occurred prior to Ernesto arrival. Ernesto emerged into the Atlantic Ocean  
near Cape Canaveral on August 31. Prior to the KSC arrival of Ernesto, pad 39B was also hit by one of the most powerful lightning bolts on record at KSC ≈100 kA on 
August 25, causing a launch delay.
–84 –82 –80 –78


















































Wind Speed Comments NASA Damage/Impact(m/s) (mph) (m/s) (mph)
Cindy July 6 – – – – At Stennis International Airport Total rainfall =17.9 cm (7.05 in)
Katrina Aug. 29 30.4 68 52.3 117 At 9.1-m (30-ft) tower, Stennis Airport $600M SSC damage
Katrina Aug. 29 31.3 70 44.7 100 At 9.1-m (30-ft) tower, Slidell Airport Total rainfall =29.5 cm (11.6 in)
Katrina Aug. 29 – – ≈55 ≈123 At gauge 2, Michoud $500M MAF damage
Rita Sept. 23 15.6 35 19.7   44 At Slidell, LA –


































Table 12-19.  Selected nonhurricane-induced peak wind cases measured at KSC 
 (refs. 12-101, 12-106 through 12-108).  
Cause* Date
Peak Wind Speed
Measurement Location** KSC Damage/ Impact(m/s) (mph)
Unknown Jan. 22, 1966 26/33 58/73 At 18.3-m (60-ft) pad 39/150 m  
(492-ft) No. 313***
Unknown
Unknown April 4, 1966 28.6 64 At 150-m (492-ft) tower No. 313*** Unknown
Unknown Feb. 13, 1967 29.5 66 At 150-m (492-ft) tower No. 313 Unknown
Unknown Feb. 29, 1968 27.3 61 At 150-m (492-ft) tower No. 313 Unknown
Unknown Feb. 15, 1969 30.8 69 At 150-m (492-ft) tower No. 313 Unknown
Unknown Feb. 3, 1970 30.4 68 At 150-m (492-ft) tower No. 313 Unknown
Unknown March 5, 1970 29.1 65 At 150-m (492-ft) tower No. 313 Unknown
Microburst Aug. 16, 1994 33.5 75† At 9.1-m (30-ft) SLF tower‡ Unknown
Microburst July 10, 1995 32.2 72 At 16.5-m (54-ft) tower No. 1007 Unknown
Microburst Aug. 2 ,1995 27.7 62 At 49.4-m (162-ft) tower No. 1101 Unknown
Microburst Aug. 24, 1995 28.2 63 At 16.5-m (54-ft) tower No. 19 Unknown
Microburst May 31, 1996 27.3 61 At 62.2-m (204-ft) tower No. 61 Unknown
Microburst Aug. 11, 1996 46.0 103 At 9.1-m (30-ft) tower No. 512 Unknown
Microburst Aug. 15, 1996 46.0 103 At 9.1-m (30-ft) tower No. 513 Unknown
Microburst March 29, 1997 30.0 67 At 9.1-m (30-ft) SLF tower Unknown
Microburst May 3, 1997 33.1 74 At 16.5-m (54-ft) tower No. 421 Unknown
Microburst June 1, 1997 28.2 63 At 16.5-m (54-ft) tower No. 509 Unknown
Microburst May 5, 1998 27.3 61 At 16.5-m (54-ft) tower No. 1007 Unknown
Microburst July 6, 1998 28.2 63 At 16.5-m (54-ft) tower No. 1612 Unknown
Microburst July 28, 1998 29.5 66 At 49.4-m (162-ft) tower No. 1101 Unknown
Thunderstorm May 8, 1999 22.8 51 At 9.1-m (30-ft) SLF tower Hail ET and orbiter/rollback
Unknown Sept. 24, 2001 31.7 71 At 9.1-m (30-ft) SLF tower Unknown
Unknown March 17, 2003 30.0 67 At 9.1-m (30-ft) SLF tower Unknown
Unknown April 7, 2005 29.1 65 At 18.3-m (60-ft) pad tower Unknown
Unknown Sept. 19, 2006 28.2 63 At 9.1-m (30-ft) SLF tower Unknown
Thunderstorm Feb. 26, 2007 31.7 71 At pad 39A Hail ET/rollback
Unknown July 13, 2007 33.1 74 At 9.1-m (30-ft) SLF tower Unknown
   *Unknown causes are probably due to thunderstorm activity, although it was not indicated as that.
 **KSC/SLF period of record: July 1995–December 2007. KSC tower No. 313 period of record: December 1, 1965–March 31, 1970. 
    KSC/CCAS tower array period of record: May 1995–September 1998.
***Reference 12-101.
  †Reference 12-106.
   ‡Reference 12-107.
[P(E0,r = 300) = 0.33], and the probability that there will be one or more hurricanes within 556 km (300 nmi)  
of KSC in a year is 0.67 (1–0.33 = 0.67).
12.6.10  Nor’easters—A Major Severe Wind-Weather Mesoscale Storm System
 Geer (ref. 12-51)—Northeaster (or nor’easter): A northeast wind (from a northeast direction), particularly 

























Port Canaveral, Florida  







Month when TC was at CPA* Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Ann – –
Total No. of TC passing within 
333 km (180 nmi) of  
Port Canaveral
0 1 0 0 4 14 13 33 44 52 6 1 168 1.50 0.7
Total No. of hurricane  
intensity storms at CPA
0 0 0 0 1 3 5 13 18 19 1 0 60 0.54 1.9
Total No. of tropical storm  
intensity storms at CPA
0 1 0 0 3 11 8 20 26 33 5 1 108 0.96 1
Average heading (deg) toward 
which storms moving at CPA
– ** – – **
030 345 322 359 025 020 ** 002
– –


























 *CPA=Closest point of approach.
**Indicates insufficient storms for average direction and speed computations.
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95o W. 90o W. 85o W. 80o W. 75o W. 70o W. 65o W. 60o W. 55o W. 50o W. 45o W.

















Percentage of all tropical cyclones in the 
outlined area that passed within a 180-nmi 
circle centered on Port Canaveral.
Approximate time for the tropical cyclone to 
reach Port Canaveral CPA based on climato-







































































































































ties	or	damage	equipment	addressed	here	are	damaging	wind,	large	hail,	and	tornadoes.	Lightning,	hail, and flash 
flooding can also be damaging, and the reader is guided to those appropriate sections; i.e., lightning	(sec.	9.5),	hail	
(secs. 5.1.3.3 and 7.2.7), and flash flooding (sec. 13.2.2.4). Severe	weather	can	also	include	phenomena	such	as	
ice	storms	(see	sec.	7.4.2),	blizzards, and heat waves.	
This subsection contains some key severe and significant-severe	weather	occurrence	maps	for	various	sites	





(a) Huntsville, AL (MSFC)
(b) Melbourne, FL (KSC)
Figure 12-39.  Locations of significant-severe	weather—wind,	hail,	and	tornadoes—occurrences	for	(a)	Huntsville,	
	 AL	(MSFC),(b)	Melbourne,	FL	(KSC),	(c)	Houston,	TX	(JSC),	(d)	New	Orleans	(Slidell),	LA,		




(c) Houston-Galveston, TX (JSC)
(d) New Orleans (Slidell), LA
Figure 12-39.  Locations of significant-severe	weather—wind,	hail,	and	tornadoes—occurrences	for	(a)	Huntsville,	
	 AL	(MSFC),(b)	Melbourne,	FL	(KSC),	(c)	Houston,	TX	(JSC),	(d)	New	Orleans	(Slidell),	LA,		




(e) Cleveland OH (GRC)
(f) Wakefield, VA (includes NASA Wallops)
Figure 12-39.  Locations of significant-severe	weather—wind,	hail,	and	tornadoes—occurrences	for	(a)	Huntsville,	
	 AL	(MSFC),(b)	Melbourne,	FL	(KSC),	(c)	Houston,	TX	(JSC),	(d)	New	Orleans	(Slidell),	LA,		




(a) Vandenberg AFB, CA 





















Huntsville 6,832/256 11,426/463 954/270
Melbourne 1,874/41 3,015/112 1,107/66
Houston 2,278/103 3,061/108 891/91
New Orleans 2,779/84 5,643/132 912/149
Cleveland 4,386/102 10,926/225 547/126
Wakefield* 3,101/145 6,538/184 694/104
Vandenberg 124/2 77/6 68/3
Edwards** 123/1 193/29 114/5
Holloman 754/61 321/37 118/4
 *Includes Wallops. 
**Also applies to NASA Dryden.
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AFB (WSMR), New Orleans (Slidell), LA, Cleveland, OH (GRC), and Wakefield, VA (WFRC). Generally, the 
definition of severe	weather and significant-severe	weather	for	these	three	parameters are defined in table 12-22.
Table 12-22.  Definitions of severe and significant-severe	weather.
Event Severe Weather Significant-Severe Weather
Wind gusts ≥58 mph (≥26 m/s) ≥75 mph (≥33.5 m/s)
Hail ≥0.75-in diameter ≥2-in diameter
Tornado Any EF2 or stronger
Vandenberg,	Edwards,	and	Holloman	maps	are	presented	for	severe	weather or greater (fig. 12-40), whereas 




and	categorized as “all” and as “significant-severe” for the nine NASA sites. Table 12-21 uses a 124-nmi radius 
about	the	location	and	a	27-yr	POR	(1980–2006)	(ref.	12-114).		
12.7.1  Severe Thunderstorms and Their Effects (ref. 12-115)
Despite	their	small	size, all thunderstorms	are	dangerous.	Every	thunderstorm	produces	lightning,	which	





















12.8  Unique Wind Measurements of Hurricane Ivan Eyewall Passage
 Presented in figure 12-41 is a unique set of wind	speed/time	plots	of	Hurricane	Ivan’s	landfall	measured	




cane at its closest to the profiler site was ≈7 mi to the west of the site. The UAH profiler sampled the eyewall as it 
was	right	in	the	wall	of	the	storm	edge.	The	east	part	of	the	hurricane	eye	moved	over	Foley,	AL.	The	inset	shows	
Mobile,	AL,	radar	velocity	data	at	1:29	a.m.	CDT—as	Hurricane	Ivan	begins	to	make	landfall	between	Dauphin	
Island and Jack Edwards airports, radar velocity data confirms wind	speeds	far	in	excess	of	64	kt	on	shore.	Later,	
the	hurricane	quickly	weakened	to	tropical	depression	status	as	it	turned	to	the	northeast.	
	 A	maximum	wind	gust	of	91	kt	(105	mph)	was	measured	by	UAH	at	3	m	AGL,	with	sustained	winds	of	
≈74 kt (≈85 mph). Prior to landfall, winds	aloft	from	105	m	through	7	km	altitude	reached	peak	wind	conditions	
of >83 kt (>96 mph) between ≈0300Z and ≈0530Z. Winds between ≈0.5 and ≈2 km altitude	increased	to	>110	kt		
(>127 mph) between ≈0500 and ≈0630Z. Lighter winds	were	then	measured	between	0700Z	and	0900Z.	A	
wind	directional reversal, from southeast to southwest, started at ≈0730Z and became southwesterly by ≈0800Z. 
Between	0900	and	1100,	the	winds again peaked before becoming light starting at ≈1330Z, out of the west-	














0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0 14 28 41 55 69 83 96  >110
Wind Speed (kt)





































































































































































































































































































Terrestrial Environment (Climatic) Criteria 
Guidelines for Use in Aerospace Vehicle 










Section 13:  Geologic Hazards, 







	 VEHICLE	IMPLICATIONS		........................................................................................................... 	 13-1
	 13.1	 Introduction		............................................................................................................................ 	 13-1
	 13.2	 Specific	Hazards		..................................................................................................................... 	 13-1
	 	 13.2.1	 Earthquakes		............................................................................................................... 	 13-1
	 	 	 13.2.1.1	 Stress	and	Strain		....................................................................................... 	 13-2
	 	 	 13.2.1.2	 Earthquake	Ground	Motions	..................................................................... 	 13-2
	 	 	 	 13.2.1.2.1		Ground	Motion	Characteristics		.............................................. 	 13-3
	 	 	 13.2.1.3	 Faults		........................................................................................................ 	 13-3
	 	 	 13.2.1.4	 Seismometer		............................................................................................. 	 13-3
	 	 	 13.2.1.5	 Response	Spectrum		.................................................................................. 	 13-4
	 	 	 13.2.1.6	 Earthquake	Peak	Ground	Acceleration		..................................................... 	 13-4
	 	 	 13.2.1.7	 Earthquake	Force		...................................................................................... 	 13-4
	 	 	 	 13.2.1.7.1		Earthquake	Magnitude		............................................................ 	 13-4
	 	 	 	 13.2.1.7.2		Maximum	Earthquake	Definitions		......................................... 	 13-5
	 	 	 	 13.2.1.7.3		Earthquake	Intensity		............................................................... 	 13-5
	 	 	 13.2.1.8	 ShakeMap		................................................................................................. 	 13-6
	 	 	 13.2.1.9	 SHAKE2000		............................................................................................. 	 13-6
	 	 	 13.2.1.10	Earthquake	Probability		............................................................................. 	 13-7
	 	 	 13.2.1.11	California	Earthquakes		............................................................................. 	 13-10
	 	 	 13.2.1.12	Central	and	Eastern	U.S.	Earthquakes		...................................................... 	 13-12
	 	 	 13.2.1.13	Evaluating	Ground	Motion	Hazard		.......................................................... 	 13-16
	 	 	 	 13.2.1.13.1		Ground	Motion	Attenuation	Relations		................................. 	 13-16
	 	 	 	 13.2.1.13.2		Amplitude	Parameters		.......................................................... 	 13-16
	 	 	 	 13.2.1.13.3		Frequency	Content	Parameters		............................................. 	 13-16
	 	 	 	 13.2.1.13.4		Duration	Parameters		............................................................. 	 13-16
	 	 	 	 13.2.1.13.5		Magnitude-Area	Scaling	Relationships		................................ 	 13-16
    13.2.1.13.6		Earthquake	Magnitude	Versus	Rupture	Parameters		............. 	 13-16
	 	 	 	 13.2.1.13.7		Magnitude	Recurrence	Relations		......................................... 	 13-17
	 	 	 	 13.2.1.13.8		Other	Ground	Motion	Parameters		.........................................	 13-17
	 	 	 	 13.2.1.13.9		Characteristics	of	Near-Fault	Ground	Motions		.................... 	 13-18
	 	 13.2.2	 Tsunamis,	Seiches,	Storm	Surges,	and	Floods		.......................................................... 	 13-18
	 	 	 13.2.2.1	 Tsunamis		................................................................................................... 	 13-18
	 	 	 13.2.2.2	 Seiches		...................................................................................................... 	 13-19
	 	 	 13.2.2.3	 Storm	Surges		............................................................................................ 	 13-19
	 	 	 13.2.2.4	 Floods		....................................................................................................... 	 13-20
	 	 13.2.3	 Slope	Movement	Processes		...................................................................................... 	 13-22
	 	 13.2.4	 Volcanic	Hazards—Aerospace	Operational	Risks		.................................................... 	 13-27
	 	 	 13.2.4.1	 Hazards	Near	Volcanic	Activity		............................................................... 	 13-27
	 	 	 13.2.4.2	 Hazards	Distant	From	Volcanic	Activity		.......... ........................................	 13-28
	 	 	 13.2.4.3	 Volcanic	Eruptions		.................................................................................... 	 13-28
	 	 	 13.2.4.4	 Volcanic	Explosive	Index		......................................................................... 	 13-29
	 	 	 13.2.4.5	 Alaskan	Volcanoes		.................................................................................... 	 13-29
	 	 	 13.2.4.6	 Cascade	Range—Mount	St.	Helens		......................................................... 	 13-30
	 	 	 13.2.4.7	 General	Volcanic	Statistics		....................................................................... 	 13-31
13-ii
TABLE OF CONTENTS (Continued)
	 	 	 13.2.4.8	 Volcanic	Ash	Particle	Sizes		........................................................................ 	 13-35
	 	 	 13.2.4.9	 Largest	Eruptions	on	Earth	.......................................................................... 	 13-35
	 	 13.2.5	 Expanding	Ground		...................................................................................................... 	 13-35
	 	 13.2.6	 Ground	Subsidence		..................................................................................................... 	 13-36
	 	 13.2.7	 Volcanic	Hazards		........................................................................................................ 	 13-37
	 	 	 13.2.7.1	 Hazards	Near	Volcanic	Activity		................................................................. 	 13-37
	 	 	 13.2.7.2	 Hazards	Distant	From	Volcanic	Activity		.................................................... 	 13-38
	 	 13.2.8	 Other	Hazards		............................................................................................................. 	 13-39
	 	 13.2.9	 Conclusions		................................................................................................................. 	 13-39
	 13.3	 Geology	and	Geologic	Hazards	at	Edwards	Air	Force	Base,	California		................................. 	 13-39
	 	 13.3.1	 Geology		....................................................................................................................... 	 13-39	
	 	 13.3.2	 Geologic	Hazards		........................................................................................................ 	 13-40
	 	 	 13.3.2.1	 Earthquakes		................................................................................................ 	 13-40
	 	 	 13.3.2.2	 Slope	Processes		.......................................................................................... 	 13-41
	 	 	 13.3.2.3	 Flooding		...................................................................................................... 	 13-42
	 	 	 13.3.2.4	 Expanding	Ground	...................................................................................... 	 13-42
	 	 	 13.3.2.5	 Subsidence		.................................................................................................. 	 13-42
	 	 13.3.3	 Conclusions		................................................................................................................. 	 13-42
	 13.4	 Geology	and	Geologic	Hazards	at	Vandenberg	Air	Force	Base,	California		............................ 	 13-42
	 	 13.4.1	 Introduction	.................................................................................................................. 	 13-42
	 	 13.4.2	 Geology		....................................................................................................................... 	 13-42
	 	 13.4.3	 Geologic	Hazards		..........................................................................................................	 13-43
	 	 	 13.4.3.1	 Earthquakes		..................................................................................................	 13-43
	 	 	 13.4.3.2	 Tsunamis	and	Seiches		...................................................................................	 13-45
	 	 	 13.4.3.3	 Slope	Processes		............................................................................................	 13-45
	 	 	 13.4.3.4	 Floods		...........................................................................................................	 13-47
	 	 	 13.4.3.5	 Volcanic	Hazards		..........................................................................................	 13-47
	 	 	 13.4.3.6	 Expanding	Clays	and	Rocks		.........................................................................	 13-47
	 	 	 13.4.3.7	 Subsidence		....................................................................................................	 13-47
	 	 13.4.4	 Conclusions		...................................................................................................................	 13-47
	 13.5	 Geology	and	Geologic	Hazards	at	Cape	Canaveral	and	Kennedy	Space	Center,	Florida		.........	 13-47
	 	 13.5.1	 Introduction	and	Geology	..............................................................................................	 13-47
	 	 13.5.2	 Geologic	Hazards	of	Cape	Canaveral	and	Kennedy	Space	Center		..............................	 13-47
	 	 	 13.5.2.1	 Earthquakes		..................................................................................................	 13-47
	 	 	 13.5.2.2	 Tsunamis	and	Seiches		...................................................................................	 13-48
	 	 	 13.5.2.3	 Slope	Stability		..............................................................................................	 13-48
	 	 	 13.5.2.4	 Floods		...........................................................................................................	 13-48
	 	 	 13.5.2.5	 Volcanic	Hazards		..........................................................................................	 13-49
	 	 	 13.5.2.6	 Expanding	Soils	and	Rocks		..........................................................................	 13-49
	 	 	 13.5.2.7	 Subsidence	and	Uplift	...................................................................................	 13-49
	 	 13.5.3	 Conclusions		...................................................................................................................	 13-49
	 13.6	 Seismic	Environment	for	Ground	Support	Equipment	(VAFB	and	EAFB)		..............................	 13-49
	 	 13.6.1	 Ground	Support	Equipment	Categories	and	Recommendations		..................................	 13-49
	 	 13.6.2	 Types	of	Design	Analyses	for	Ground	Support	Equipment	...........................................	 13-49
	 	 	 13.6.2.1	 Dynamic	Analysis		.........................................................................................	 13-49
	 	 	 13.6.2.2	 Static	Analysis		..............................................................................................	 13-50





	 in	50	yr	within	the	contiguous	United	States		......................................................................... 	 13-8
13-2.	 Earthquake	1-s	spectral	acceleration	(%g)	with	2-percent	probability	of	exceedance	
	 in	50	yr	within	the	contiguous	United	States		......................................................................... 	 13-8
13-3.	 Earthquake	0.2-s	spectral	acceleration	(%g)	with	2-percent	probability	of	exceedance	
	 in	50	yr	within	the	contiguous	United	States		......................................................................... 	 13-9
13-4.	 Global	tectonic	activity	map		.................................................................................................. 	 13-9




	 and	Eastern	United	States—low	seismicity		........................................................................... 	 13-11
13-7.	 Seismic	hazard	map	of	North	and	Central	America	and	the	Caribbean.	PGA	
	 with	a	10-percent	chance	of	exceedance	in	50	yr	(m/s2)		....................................................... 	 13-12
13-8.	 Intensity	versus	magnitude	and	epicentral	distance		............................................................... 	 13-13
13-9.	 Earthquake	magnitude	versus	fault	rupture	length		................................................................ 	 13-13
13-10.	 Seismic	shaking	hazard	map	(peak	ground	acceleration	in	%g)	for	California		..................... 	 13-14
	13-11.	 New	Madrid	seismic	zone	presenting	a	hypothetical	MMI	magnitude	8.0	(VIII)	
	 	 earthquake	intensity	pattern	(Assoc.	of	CUSEC	State	Geologists)		....................................... 	 13-15
13-12.	 Peak	ground	acceleration	(%g)	with	2-percent	probability	of	exceedance	in	50	yr		
	 	 for	seven	CUSEC	states	(Assoc.	of	CUSEC	State	Geologists)		............................................. 	 13-15
13-13.	 Relationships	between	earthquake	moment	magnitude	and	surface	rupture	length,
	 	 rupture	area,	and	maximum	displacement.	Short,	dashed	lines	indicate	95-percent
	 	 confidence	interval		................................................................................................................. 	 13-17
13-14.	 Peak	surge	nomogram	on	the	open	coast	for	a	standard	hurricane	across	a	standard		
	 	 basin.	Pressure	drop	and	radius	of	maximum	winds	are	input	............................................... 	 13-21
13-15.	 USGS	landslide	overview	map	of	the	conterminous	United	States	showing	landslide,	
	 	 susceptibility,	and	incidence		.................................................................................................. 	 13-24
13-16.	 Illustrations	of	slope	movement	processes	............................................................................. 	 13-26
13-iv
LIST OF FIGURES (Continued)
13-17.	 Volcanic	natural	hazards	illustrated	that	are	typical	of	western	U.S.		
	 and	Alaskan	volcanoes		......................................................................................................... 	 13-29
13-18.	 Mount	St.	Helens	vertical	and	lateral	ash	plume	growth		..................................................... 	 13-31
13-19.	 Mount	St.	Helens	May	18,	1980,	ash	fallout	distribution	and	thickness	within		
	 the	United	States		.................................................................................................................. 	 13-31
13-20.		 Mean	diameter	of	ash	particles	that	fell	to	the	ground	downwind	of	Mount	St.	Helens	
	 on	May	18,	1980		.................................................................................................................. 	 13-32
13-21.	 Plot	of	tephra-fall	thickness	versus	distance	from	vent	for	several		
	 Cascade	Range	volcanoes		.................................................................................................... 	 13-32
13-22.	 Estimated	volume	of	ash-fall	deposits	as	a	function	of	frequency	as	shown	for	three	
	 historical	volcanic	eruptions		................................................................................................ 	 13-33
13-23a.	 Calculations	of	neutral	buoyancy	height	and	total	column	height	as	a	function		
	 of	erupted	mass	flux.	Curves	are	given	for	three	eruption	temperatures	(800	K,		
	 1,000	K,	and	1,200	K)		.......................................................................................................... 	 13-34
13-23b.	 Calculations	of	neutral	buoyancy	height	and	total	column	height	as	a	function		
	 of	erupted	mass.	Curves	are	given	for	three	eruption	temperatures	(600	K,	800	K,		
	 and	1,000	K)		......................................................................................................................... 	 13-34
13-24.	 The	probability	(P)	that	a	volcanic	eruption	will	inject	(add)	a	given	quantity	
	 of	matter	(in	metric	tons	(Mt)	into	the	stratosphere	(ref.	13-70)		.......................................... 	 13-35
13-25.	 Geology	of	EAFB,	CA		......................................................................................................... 	 13-40
13-26.	 Geological	hazards	of	EAFB,	CA		........................................................................................ 	 13-41
13-27.	 Geology	of	VAFB	area		......................................................................................................... 	 13-43
13-28.	 Geology	hazards	of	VAFB	area		............................................................................................ 	 13-44
13-29.	 VAFB	area	and	Western	Santa	Barbara	County,	CA,	earthquake	epicenters		....................... 	 13-45
13-30.	 Annual	seismic	risk	curves	for	peak	ground	motions	at	VAFB	(SLC6)—given	
	 	 at	the	90-percent	confidence	level	and	based	on	Battis’	statistical	method		......................... 	 13-46
13-31.	 Geology	of	Cape	Canaveral,	FL		........................................................................................... 	 13-48
13-32.	 0.70E	elastic	design	spectra	for	strongest	potential	vibratory	ground	motion		..................... 	 13-50
13-33.	 0	–	25	magnification	factor	(MF)	versus	period	ratio		........................................................... 	 13-52
13-34.	 0	–	5	magnification	factor	(MF)	versus	period	ratio		............................................................. 	 13-52
13-v
LIST OF TABLES
13-1.	 Typical	fault	rupture	dimensions		............................................................................................. 	 13-3
13-2.	 Relationship	between	earthquake	magnitude	and	intensity		..................................................... 	 13-5
13-3.	 An	adjusted	MMI	used	in	ShakeMap		...................................................................................... 	 13-6
13-4.	 Definition	and	description	of	various	year	floods		.................................................................... 	 13-22
13-5.	 Slope	movement	processes		...................................................................................................... 	 13-25
13-6.	 Volcanic	explosive	index		......................................................................................................... 	 13-30
13-7.	 General	volcanic	plume	fallout	rates		....................................................................................... 	 13-33
13-8.	 Density	of	individual	ash	particles		........................................................................................... 	 13-33
13-9.	 Major	faults	near	VAFB	and	associated	maximum	credible	earthquakes	and	ground	
	 motions	(90-percent	confidence	level)	at	Point	Arguello	site	(based	on	nonstatistical	
	 method	of	Battis)	...................................................................................................................... 	 13-46
13-10.	 Building	characteristic	constants		............................................................................................. 	 13-53
































































































































































































































































































Area Felt Distance Felt ≈Equivalent TNT 









1.0 – 3.0 
3.0 – 3.9 
4.0* – 4.9 
5.0* – 5.9 
6.0* – 6.9 




II – III 
IV – V 
VI – VII 
































































































































































































































































































































































































































































Period (s) Period (s)
Period (s) Period (s)
 0.01 0.1 1 10  0.01 0.1 1 10









  2% PE in 50 yr
10% PE in 50 yr
  2% PE in 50 yr
10% PE in 50 yr
  2% PE in 50 yr
10% PE in 50 yr
  2% PE in 50 yr











 180° W. 160° W. 140° W. 120° W. 100° W. 80° W. 60° W. 40° W.

























































































































































































Source: U.S. Geological Survey, June 1996
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13.2.2  Tsunamis, Seiches, Storm Surges, and Floods 
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Susceptibility not indicated where same or lower 
than incidence. Susceptibility to landsliding was 
defined as the probable degree of response of 
[the areal] rocks and soils to natural or artificial 
cutting or loading of slopes, or to anomalously 
high precipitation. High, moderate, and low 
susceptibility are delimited by the same percent-
ages used in classifying the incidence of land-
sliding. Some generalization was necessary 
at this scale, and several small areas of high 
incidence and susceptibility were slightly 
exaggerated.
Low (<1.5% of area involved)
Moderate (1.5%–15% of area involved)

















Movement Composition of Mass and Process
Favoring ConditionsKind Rate
Material Dry 






Creep Very slow Soil creep Rock creep
Talus creep
Solifluction Unconsolidated sediment or structurally modified rock. 
Bedded or alternate resistant and weak beds. Rock bro-
ken by fractures, joints, etc. Slight to steep slopes. High 
daily and annual temperature ranges; high frequency 
of freeze and thaw; alternate abundant rainfall and dry 
periods. Balance of vegetation to inhibit runoff but not  
to anchor movable mass.






Unconsolidated materials, weathering products; poorly 
consolidated rock. Alternate permeable and impermeable 
layers; fine-textured sediment on bedrock. Beds dipping 
from slight to steeper angles; beds fractured to induce 
water in cracks. Scarps and steep slopes well gullied. 
Alpine, humid temperature, semiarid climate. Absence  
of good vegetative cover such as forest.







Inherently weak, poorly cemented rocks; unconsolidated 
sediments.  One or more massive beds overlying weak 
beds; presence of one or more permeable beds;  
alternate competent and incompetent layers. Steep or 
moderate dips of rock structures; badly fractured rock; 
internal deforming stress unrelieved; undrained lenses  
of porous material. Scarps or steep slopes. Lack of 
retaining vegetation.
Subsidence Slow to very 
  rapid
Subsidence Soluble rocks; fluent clays or quicksand; unconsolidated 
sediments or poorly lithified rocks; materials rich in 
organic matter, water, or oil. Permeable unconsolidated 
beds over fluent layers. Rocks crushed, fractured, faulted, 
jointed inducing good water circulation. Level or gently 
sloping surface.













(a) Rotational Landslide (b) Translational Landslide (c) Block Slide
(d) Rock Fall (e) Topple (f) Debris Flow
















































































































































0 Nonexplosive <100 m >1,000 m3 Variable Negligible None Daily 699 Kilauea (1983 on)
1 Small 100–1,000 m >10,000 m3 <1 hr Minor None Daily 845 Nyiragongo (1982)
2 Moderate 1–5 km >1,000,000 m3 1–6 hr Moderate None Weekly 3,477 Colima (1991)
3 Moderate-large 3–15 km >10,000,000 m3 1–12 hr Substantial Possible Yearly 869 Galeras (1924)
4 Large 10–25 km >0.1 km3 1–12 hr Substantial Definite ≥10 yr 278 Sakura-Jima (1914)
5 Very large >25 km >1 km3 6–12 hr Substantial Significant ≥100 yr 84 Villarrica (1810)
6 Very large >25 km >10 km3 >12 hr Substantial Significant ≥100 yr 39 Vesuvius (79 AD)
7 Very large >25 km >100 km3 >12 hr Substantial Significant ≥1,000 yr 4 Tambora (1812)
8 Very large >25 km >1,000 km3 >12 hr Substantial Significant ≥10,000 yr 0 Yellowstone (≈2 mil)
 *Total eruptions, given this VEI value, over the past 10,000 years through 1994 (source: Global Volcanism Program  
   of the Smithsonian Institution).
largest	in	the	world	during	the	20th	century,	was	less	than	half	the	size	of	Novarupta’s	eruption	5.0	km3	(1.2	mi3)		
(ref.	13-62).
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Mazama (Crater Lake), ≈8,800 yr B.P.
Glacier Peak G,  11,000–12,000 yr B.P.
Mount St. Helens Yn,  3,300–4,000 yr B.P.


















































Particle Time to 










   *Rough estimate, assuming laminar flow and high-latitude 
    atmospheric conditions.
 **From ≈10-km altitude.
Table	13-8.		Density	of	individual	ash	particles	(from	Shipley	and	Sarna-Wojcicki,	1982)	(ref.	13-65).*
Type of Ash Particle
Density of Particle 
(g/cm3)
Pumice fragments 0.70–1.20 
Volcanic glass shards 2.35–2.45 
Crystals and minerals 2.70–3.30 
Other rock fragments 2.60–3.20 
 *Dry bulk ash densities ranging from 0.50 to 1.50 g/cm3.
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13.2.7  Volcanic Hazards 
	 Volcanic	hazards	fall	into	two	categories—hazards	near	the	volcanic	activity	and	hazards	distant	from	it	
(refs.	13-77	and	13-78).




















































































Alluvial gravel and sand
Playa clay
Windblown sand and playa clay
Windblown sand (<15 m (<50 ft) deep)
(Boundaries dashed where inferred or shifting)
Fanglomerate, partially cemented
Tertiary volcanic rocks with sedimentary interbeds
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	 13.3.2.3  Flooding.		Except	for	very	local	flash	flooding,	no	flood	hazards	are	likely.	Flash	flooding	may	
turn	playas	into	shallow,	temporary	lakes.










































0 5 mi/8 km
Recent alluvium, horizontally stratified, identical in places to Qt
Recent dune sand, mobile near shore, partly anchored by vegetating inland 
Pleistocene nonmarine sedimentary deposits;  
terraces, unconsolidated gravel
Upper Pliocene marine sedimentary rocks
Quaternary nonmarine terrace deposits; river and stream terrace deposits
Upper Miocene marine sedimentary rocks
Middle Miocene marine sedimentary rocks
Oligocene nonmarine sedimentary rocks
Jurassic Knoxville Formation; shale, sandstone, conglomerate





























*Note: Much of the “black” areas are either Mm, Mu, Jk, or KJfv.
Figure	13-27.		Geology	of	VAFB	area	(ref.	13-84).










0 5 mi/8 km
Gullying and resultant slope instability
Recent landslides
Active dunes
Inactive dunes (anchored by vegetation)
Unconsolidated terrace deposits
Area of possible flash flooding. These areas,
along with coastal areas, are also endangered 
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Santa Cruz Island Fault















   *Point Arguello and Point Sal are at the extremes of maximum credible ground motion for this area. Therefore, 
  at the Point Sal site (Hosgri Fault zone), the maximum acceleration, velocity, and displacement values of 
  1,288.8 cm/s2, 200.2 cm/s, and 83.8 cm, respectively, are possible.















	 13.4.3.5  Volcanic Hazards.		No	volcanic	hazards	are	expected	to	affect	this	area,	although	tsunamis	
caused	by	distant	volcanism	are	an	always-present	danger.	(See	sec.	13.4.3.2.)
	 13.4.3.6  Expanding Clays and Rocks.		Expanding	clays	and	rocks	are	not	a	major	hazard	on	most		
of	the	Base.	Several	hundred	feet	of	gypsiferous,	clayey,	alkaline	shale	are	present	in	the	Casmalia	Hills		
and	should	be	avoided	when	locating	construction	sites.














13.5  Geology and Geologic Hazards at Cape Canaveral and Kennedy Space Center, Florida






13.5.2  Geologic Hazards at Cape Canaveral and Kennedy Space Center
	 13.5.2.1  Earthquakes.		Earthquakes	are	extremely	unlikely	in	this	area	of	the	United	States	and	should	
not	be	considered	a	hazard.
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Marshes underlain by shelly sand and clay
Shelly sand and clay
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	 13.5.2.3  Slope Stability.		The	lack	of	topographic	relief	on	Cape	Canaveral	and	KSC	means	slope		
stability	is	not	a	problem	there.
 13.5.2.4  Floods.		Flooding	could	be	a	hazard	to	KSC	if	high	water	is	brought	about	by	hurricane		
winds.	(See	secs.	2	and	12	on	wind	and	severe	weather,	respectively.)
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 13.5.2.5  Volcanic Hazards.		Volcanism	near	Cape	Canaveral	is	unknown	in	recent	time.	The	only		
volcanic	hazards	to	the	Cape	are	tsunamis	caused	by	distant	volcanism.
 13.5.2.6  Expanding Soils and Rocks.		Expanding	soils	and	rocks	are	not	a	hazard	to	KSC	because	
of	the	high	sand	content	of	sediments	and	the	consistently	high	humidity.






















13.6.2  Types of Design Analyses for Ground Support Equipment
	 Recommendations	for	typical	dynamic	or	static	analyses	follow.
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 Note:  Spectra are for horizontal response; for vertical response, multiply the acceleration ordinate by 2/3. 
 Maximum credible earthquake for maximum probable earthquake; i.e., 10-percent probability 
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a	wind	speed	U10 = 10	m/s	at	a	location	x	= 40	km	offshore.
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Significant Wave Height (Hs)
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and	hence	from	equation	(14.5),
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Hs = 0.97 m,	Tp = 3.95	s,	the	vehicle	is	exposed	for	a	period	of	5	hr,	and	the	aim	is	to	calculate	the	value	of	wave	
height	that	one	would	expect	to	be	encountered	or	exceeded	with	a	risk	of	5	percent.
14-9
	 When	t = 5	hr,	the	value	of	N	becomes
	 N tT= =
× =5 3 6003 95 4 557
,


























































































































Note:  Exact bounding height is assigned to lower code; 
 e.g., a height of 4 m is coded 5.




















14.6  Sea State Data Results for Kennedy Space Center and Vandenberg Air Force Base
























































































































































































































































































































































































































































14.6.2  Probability of Exceedence
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Figure	14-9.		Annual	exceedence	probabilities	at	KSC.	Data	are	taken	for	a	point	centered
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Figure	14-11.		Annual	exceedence	probabilities	at	the	North	Atlantic	site.	Data	are	taken	for	a	point	











































































































































































Height (m) VAFB KSC
North 
Atlantic
Hs50 10.57±0.69 10.52±0.76 21.33±1.61
Hs100 11.07±0.80 11.06±0.88 22.41±1.86



















Precipitation* Sky Cover (fraction) Wind Speed























































































































































  *Total precipitation values are expressed in inches, not in percent.
**Mean sky cover is expressed in one-hundredths of the sky being covered.
   †Mean wind speed values are expressed in knots and m/s, not in percent.

































































 MAX: Maximum duration or interval, followed by the number of occurrences TH: Total number of hindcasts examined
 TE or TI: Total number of events or intervals MO: Month
 T: Total number of hindcasts included in TE or TI SEA: Season
 T*: Total number of hindcasts that met the stated criteria
Abbreviations
 WIND SPEED DURATIONS-MONTHLY SEASONAL WIND SPEED INTERVALS- MONTHLY SEASONAL
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15.  MISSION ANALYSIS, PRELAUNCH MONITORING, AND FLIGHT EVALUATION
General	weather	and	especially	wind	information	is	useful	in	the	following	three	general	cases	of	mission	
analysis:
 (1)  Mission planning—Since this activity will normally take place well in advance of the mission, 	
the	statistical	attributes	of	the	wind	are	used.
	 (2)		Prelaunch	operations—Although	wind	statistics	are	useful	at	the	beginning	of	this	period,		
the	emphasis	is	placed	upon	forecasting	and	especially	wind	monitoring	for	inflight ascent wind	loads relative 	
to design capabilities of the vehicle.
 (3)  Postflight evaluation—The effect of the observed winds on the flight is analyzed and evaluated.
15.1  Mission Planning
	 Many	factors	enter	into	the	planning	of	a	mission.	One	of	these	factors	is	the	risk	of	launch	delay	due	to	
atmospheric constraints associated with the various operational conditions established for a vehicle. These also 
apply	to	landing	delay	risks where applicable. The following sections address and provide examples of how wind	
and	other	atmospheric	statistics	can	be	utilized	by	a	mission	planner	and	how	the	combined	atmospheric	con-
straints	associated	with	thunderstorms,	precipitation, visibility, cloud	ceiling,	and	winds	might	be	used	in	tradeoff	
analyses relative to launch and landing risks. The examples shown in figures 15-1 and 15-2 were developed using 
the	Atmospheric	Parametric	Risk Analysis Program developed by NASA Marshall Space Flight	Center	(MSFC).	
Additional information on the program and its application can be obtained from the Natural Environments 
Branch,	Engineering	Directorate,	NASA	Marshall	Space	Flight	Center,	Marshall	Space	Flight	Center,	AL		35812.	
15.1.1  Wind Statistics and Mission Planning
From	wind	climatology,	the	optimum	time—month	and	time	of	day—and	place	to	conduct	the	operation	




	 Examples	in	the	following	paragraphs	illustrate	the	use	of	the	many	wind	statistics available to the 	
mission	planner.
 If it is necessary to remove the ground	wind	loads	damper	from	a	large	launch vehicle for a number 	
of hours, and this operation must be scheduled some days in advance, the well-known diurnal ground	wind	varia-
tion	should	be	considered	for	this	problem.	If,	for	example,	10.3	m/s	(20	kt)	were	the	critical	wind	speed,	there		
is	a	1-percent	risk	at	0600	EST,	but	a	13-percent	risk at 1500 EST, in July. Obviously, the midday period in the 
summer should be avoided for this operation. Since these probability values apply to 1-hr exposure periods, 	
it	is	important	to	recognize	that	the	wind	risk	depends	not	only	on	wind	speed	but	also	on	exposure	time.	From	
figure 15-3, the risk	in	percentage	associated	with	a	15.4-m/s	(30-kt)	wind	at	10	m	(33	ft)	in	February	at	Kennedy	













KSC Florida—January and July No-Go Launch Probability Versus Hour
(Can Also Apply to Landing if “Same” Constraints Apply)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Constraints:
  1. Thunderstorms
  2. Precipitation
  3. Visibility, 5 nmi
  4. Cloud Ceiling <8K ft
Peak Winds:
  5. Head >25 kt
      (SS = 19 kt)
  6. Tail > 10 kt
      (SS = 6 kt)
  7. Cross > 15 kt
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case,	the	exposure	period	extends	through	the	high-risk part of the day. The lower curve illustrates the minimum 
risk	associated	with	each	exposure	period.	The	lowest	risk,	of	course,	can	be	realized	if	the	starting	times	are	
changed to avoid the windy portion of the day. Although there is no space here for the tabulation, wind	risk	prob-
abilities by month and starting hour for exposure periods from 1 hr to 365 days are available upon request.
 When winds aloft are considered for mission planning purposes, again the first step might be to acquire 
general climatological information on the area of concern. From figure 15-4, it is readily apparent that for KSC, 
most	strong	winds	occur	during	winter	in	the	10-	to	15-km	(32,800-	to	49,200-ft)	altitude	region.	This	applies		
also to nearly all midlatitude locations. It is also true that these strong winds have a westerly component.
	 Next,	the	mission	analyst	might	ask	if	a	particular	mission	is	feasible.	If,	for	example,	the	flight is to 	
take	place	in	January	and	10-	to	15-km-altitude	winds	≥50	m/s	are	critical,	the	probability of favorable winds 	
on any given day in January is 0.496. With such a low probability	of	success,	this	mission	may	not	be	feasible.	
But, to continue the example, if it is necessary that continuously favorable winds exist for 3 days (perhaps 	
for	a	dual	launch),	the	probability of success will decrease to 0.256. Obviously, an alternate mission schedule 	
must be planned or else the scheduled space vehicle must be provided additional capability through redesign.
 Perhaps the vehicle can remain on the pad in a state of near readiness, awaiting launch for several days. 
In	this	case,	it	would	be	desirable	to	know	that	the	probability	of	occurrence of at least one favorable wind	speed;	
e.g., in a 4-day period, is 0.813. If greater flexibility of operation is desired, one might require four favorable 	
opportunities	in	4	days;	this	probability is 0.550. Now, if consecutive favorable opportunities are required; 	
e.g., four consecutive favorable opportunities in eight periods, the probability	of	success	will	be	somewhat		
lower	(0.431).































Lowest Risk; Requires 
Changing Starting Time
Start the Exposure Period
at 0400 hr (Lowest 1-hr Risk)
and Expose for: 
Figure	15-3.		Example	of	wind	risk for various exposure times.
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But	if	a	wind	speed	<50	m/s	does	occur,	then	the	probability that the next observed wind	12	hr	later	would		
be	<50	m/s	is	0.82,	a	rather	dramatic	change.	Furthermore,	if	the	wind continues below 50 m/s for five 	
observations, the probability	that	it	will	remain	there	for	one	more	12-hr	period	is	0.92.
	 As	the	time	of	the	operation	approaches	T–4 to T–1 days, the conditional probability	statements	assume		
a more significant role. At this point, since the winds will usually be monitored, the appropriate conditional 	
probability value can be identified and used to greater advantage.
 The preceding examples are intended to illustrate the type of analysis that can be accomplished to provide 
objective data for program decisions using the NASA MSFC Atmosphere	Parametric	Risk	Analysis	Program.		
This	may	best	be	accomplished	by	a	close	working	relationship	between	the	analyst	and	those	concerned	with		
the	decision	for	the	flight program.
15.1.2  Atmosphere Parameters and Mission Planning
 The launch of a vehicle depends upon, among other factors, the condition of the atmosphere	(weather)	
relative to the constraints established for operation of the vehicle. These constraints are based on the specified 	
atmospheric	conditions/requirements	for	the	design of the vehicle, desired operational	conditions	for	test	and		
deployment of the vehicle, and degree of risk the launch control officer wishes to assume relative to ability 	
to see (camera coverage, etc.) the vehicle during launch and ascent, etc. 
	 Figure	15-1	is	an	example	of	the	no-go	launch	probability versus hour for January and July at KSC. 	
These	no-go	launch	probabilities	are	calculated	using	the	NASA	MSFC	Atmosphere	Parametric	Risk	Analysis	
Program	based	on	constraints	associated	with	not	launching	within	or	near	a	thunderstorm,	when	precipitation	is	
occurring, with visibility <5 mi and a cloud	ceiling	(>0.5	cloud cover) <8,000 ft and associated peak ground	wind	
constraints as noted in figure 15-1. The figure illustrates the January no-go launch probability versus hour for all 
constraints	and	for	only	cloud	ceiling.	For	July,	the	no-go	launch	probability is given relative to all constraints 
and	for	only	thunderstorms. It is readily apparent that, relative to these atmospheric constraints, all hours produce 
about the same no-go launch probabilities. Whereas for July, the afternoon and early evening hours constitute a 
significant impact for launch probability relative to the late evening and morning hours. For other sites and atmo-
spheric	constraints,	the	no-go	launch	probability conditions can vary significantly from those in this example. 
 Figure 15-2 provides a similar example for selected atmospheric constraints relative to the probability		
of no-go for landing at the indicated hour, given a no-go today, for 3 consecutive days. In addition, for this 	
particular figure, the various factors involved in landing probability	analyses	and	the	many	interface	aspects		
of the analyses relative to the decision process are illustrated. This is also applicable to the no-go launch 	
probability analyses example in figure 15-1. 
15.1.3  In-Flight Winds Exceedance Probabilities
 The	probability	of	in-flight winds exceeding or not exceeding some critical speed for a specified time 	
duration	may	be	of	considerable	importance	in	mission	planning,	and	in	many	cases,	more	information	than	just	
the	occurrence of critical winds is desired. If a dual launch is planned, with the second vehicle being launched 	
15-6
1 to 3 days after the first, and if the launch opportunity extends over a 10-day period, what is the probability	that	
winds below (or above) critical levels will last for the entire 10 days? What is the probability of 2 or 3 consecutive 
days of favorable winds in the 10-day period? Suppose the winds are favorable on the scheduled launch day, but 
the	mission	is	delayed	for	other	reasons.	Now,	what	is	the	probability that the winds will remain favorable for 3 or 
4 more days? Answers to these questions could also be used for certain mission analyses studies involving specific 
vehicles prepared for a given mission and launch window. A body of statistics is available from MSFC’s Environ-
ments	Group	that	can	be	used	to	answer	these	and	possibly	other	related	questions.	An	example	of	the	kind	of	
wind	persistence	statistics that are available is given in figure 15-5. This figure gives the probability	of	the	maxi-
mum	wind speed in the 10- to 15-km region being less than, equal to, or greater than 50 and 75 m/s for various 
multiples	of	12	hr	for	the	month	of	January.	Thus,	for	example,	there	is	approximately	an	18-percent	chance	that	
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Figure	15-5.		Probability	of	the	maximum	wind	speed	in	the	10-	to	15-km	layer	
 being less than, equal to, or greater than specified values for k	
 consecutive 12-hr periods during January at KSC.
15.2  Prelaunch Wind Monitoring
15.2.1  Introduction
In-flight winds constitute a major atmospheric parameter in aerospace vehicle and missile design.		
A	frequency	content	of	the	wind	profile near the bending mode frequencies or wind	shear	with	the	characteristics	
of a step input may exceed the vehicle’s structural capabilities, especially on forward locations of the vehicle. 
Wind	profiles with high speeds and shears exert high structural loads at all stations on a large space vehicle, and 




in-flight loss risk in exchange for a rapid-launch capability. But research and development missiles, and space 	
vehicles in particular, cost so much that the overall success of a flight outweighs the consideration of launch 	
delays caused by excessive in-flight wind	loads.	If	the	exact	wind	profile could be known in advance, it would 	
be a relatively simple task to decide on the launch date and time. However, there is little hope of accurately fore-
casting	the	detailed	wind	profile far into the future.
 Over the years, these situations have increasingly put emphasis on prelaunch monitoring of in-flight 
winds.	Today,	prelaunch	and	profile determination techniques essentially preclude the risk	of	launching	a	space	
vehicle or research and development missile into an in-flight wind	condition	that	would	cause	it	to	fail.
 The day of launch (DOL) prelaunch winds aloft monitoring by the MSFC Natural Environments Branch 
follows	the	Shuttle	operations	plan	outlined	in	reference	15-2.
15.2.2  FPS-16 Radar/Jimsphere Wind Monitoring System
 The development and operational deployment of the FPS-16 radar/Jimsphere system (ref. 15-3) signifi-
cantly minimizes vehicle failure risks	when	properly	integrated	into	a	flight simulation	program.	The	Jimsphere	
sensor	(a	2-m-diameter	aluminized	mylar	spherical	constant volume balloon with roughness elements on its sur-
face), when tracked with the FPS-16 or other radar with equal tracking capability, provides a very accurate “all 
weather”	detailed	wind	profile measurement. See figure 15-6. FPS-16 radar is available at all national test	ranges.
 In general, the system provides a wind	profile measurement from the surface	to	an	altitude	of	17	km		
in slightly <1 hr, a vertical spatial frequency resolution of 1 cycle per 200 m, and a root mean	square	(RMS)		
error	of	≈0.5	m/s	or	less	for	wind velocities averaged over 50-m intervals. The resolution of these data permits 
calculating	the	structural	loads associated with the first bending mode and generally the second mode of missiles 	
and space vehicles during the critical, high dynamic pressure	phase	of	flight. This provides better than an order 	
of magnitude accuracy improvement over the conventional rawinsonde wind	profile measurement system.
	 By	employing	the	appropriate	data	transmission	resources,	a	detailed	wind	profile from the FPS-16 radar 
can be ready for input to the vehicle’s flight simulation	program	within	a	few	minutes	after	tracking	of	the	Jim-
sphere.	The	flight simulation program provides flexibility relative to vehicle dynamics and other parameters		
in	order	to	make	maximum	use	of	detailed	wind	profiles.
 If very critical wind	conditions	exist	and	the	mission	requirement	dictates	a	maximum	effort	to	launch	
with provision for last-minute termination of the operation, then a contingency plan that will provide essentially 
real-time	wind	profile and flight simulation	data	may	be	employed.	This	is	done	while	the	Jimsphere	balloon		
is	still	in	flight.
 An example of the FPS-16 radar/Jimsphere system data—the November 8 and 9, 1967, sequence 	
observed during prelaunch activities for the first Apollo/Saturn-V test	flight, AS-501—is shown in figure 15-7. 
Reference	15-4	contains	additional	sequential	Jimsphere	wind	profile sets for KSC and Point Mugu, CA, respec-
tively. The persistence over a period of 1 hr of some small-scale features in the wind	profile structure, as well 	
as the rather distinct changes that developed in the profiles over a period of a few hours, is evident.
15-8
Figure 15-7.  Examples of the FPS-16 radar/Jimsphere system data, November 8–9, 1967.
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 The FPS-16 radar/Jimsphere system (fig. 15-6) was routinely used in the prelaunch monitoring 	
of NASA’s Apollo/Saturn and the Space Shuttle	flights as part of the Launch System Evaluation Team 	
responsibilities.	The	wind	profile data were transmitted to Johnson Space Center and MSFC, and the flight 	
simulation	results	were	sent	to	the	launch	complex	at	KSC.
	 An	FPS-16	radar/Jimsphere	operational	measurement	program	capability	exists	at	all	the	national	test	
ranges	to	obtain	detailed	wind	profile data for use in space vehicle and missile response studies, airplane tur-
bulence analysis, atmospheric turbulence investigations, and mesometeorological studies. Sequential measure-
ments	similar	to	those	made	in	support	of	a	Saturn-V	launch	shown	here—of	8	to	10	Jimsphere	wind	profiles 	
≈1	hr	apart—were	made	on	at	least	1	day	per	month	for	each	location.	Single	profile measurements were also 
made	daily	at	KSC.
15.2.3  50-MHz Doppler Radar Wind Profiler
In 1990, KSC installed a vertically pointing 50-MHz Doppler radar wind profiler (DRWP) to evaluate 	
its applicability in measuring upper-level winds in support of space launch operations. An attractive feature of 
the	DRWP,	when	compared	with	a	radar-tracked	Jimsphere,	is	the	ability	to	continuously	monitor	upper	atmo-
spheric winds. This is particularly important for aerospace vehicles as wind	structures	in	the	upper	atmosphere	
exhibit a large spectrum of vertical wavelengths that range	on	time	scales	from	seconds	to	days.	A	description		
of	the	DRWP	system	and	studies	performed	using	the	system	follow.	
The	DRWP	transmits	pulses	of	radio	frequency	(RF)	energy	at	a	nominal	frequency	of	49.25	MHz,	cor-
responding to a free space wavelength of 6.085 m. The transmitted pulse length is 160 μs	with	a	beam	width	of	
2.9°. The antenna transmits one vertical beam to measure the vertical wind field and two oblique beams inclined 
15° from the vertical and oriented at 45° and 135° from due north to determine the u	and	v wind	components	
(ref. 15-5). Signal return to the receiver comes from a predetermined sample volume of the atmosphere,	which	
is defined by the transmitted pulse length and beam	width.	In	its	operational support configuration, the instrument 
samples	the	atmosphere at 150-m levels, or gates, beginning with the first gate at ≈2	km,	up	to	18.6	km.	With	the	
implementation	of	current	algorithms	(see	below),	the	cycle	time	to	produce	wind	profiles for u	and	v	is	3	min	
(ref.	15-5).
A detailed description of the KSC profiler and its data reduction algorithm may be found in Schumann 	
et	al.	(ref.	15-5).	The	resolution	of	the	instrument	is	discussed	by	Merceret	(ref.	15-6),	but	the	actual	resolution		
of the instruments is believed to be better than the average of 500 m (1,600 ft) reported. When the effect of atmo-
spheric decorrelation (refs. 15-6 and 15-7) is accounted for, the data selected at 150 intervals has an effective 	
resolution	of	300	m	(1,000	ft)	(Nyquist	limit).
Transient interference signals are an inherent problem when receiving RF waves through the atmosphere	
(ref. 15-8). Signal processing methods to eliminate the effects of atmospheric “noise” have received consider-
able research attention after the DRWP installation. Currently, the DRWP incorporates a median filter/first guess 
(MFFG)	algorithm	to	reduce	the	effects	of	transient	interference	signals	(ref.	15-9).	The	MFFG	applies	a	running	
temporal median filter (usually a three-point filter) to successive frequency spectra from the oblique beams. Verti-
cal velocities are excluded from the algorithm technique and are not used in the derivation of horizontal velocities 
(ref. 15-5). After filtering the frequency spectrum, a predefined window, based on the antecedent radial velocity, 
is	chosen	to	constrain	the	search	for	the	spectral	peak.	The	spectral	peak	within	the	constraining	window	repre-
sents the radial velocity. By selecting a first-guess window, persistent interference signals are eliminated from the 
15-10
computation of the radial velocity. Based on algorithm development by Schumann et al. (ref. 15-5), the first-guess 
window	is	normally	set	to	12	frequency	bins	or	about	±1.5	m/s.	
Constraining the first-guess window does not always mean that all spurious signals will be filtered out 	
of	the	frequency	spectrum.	Therefore,	the	MFFG	applies	an	integration	window	after	calculating	the	spectral		
moments	from	the	frequency	spectrum.	Within	the	integration	window,	a	maximum	difference	between	the	signal	
peak and lowest signal level above the noise limit is included in the integration. This spectral averaging further 
reduces effects from spurious noise and better defines the peak in the power	spectrum.		
To evaluate the DRWP MFFG algorithm’s ability to monitor the prelaunch wind environment, com-	
parison	studies	were	conducted	based	on	wind velocity measurements from the DRWP and Jimsphere (refs. 15-5 	
and 15-9). The studies focused on the relative performance of horizontal velocity component measurements made 
by the DRWP as compared to time-proximate Jimsphere measurements. Due to the differing vertical resolutions 
between the two methods, the Jimsphere velocity components were converted to DRWP component velocities 
along the profiler’s oblique beam’s azimuths and then interpolated to the DRWP reporting altitudes (150-m levels). 
Another	limitation	to	the	study	is	that	the	DRWP	samples	the	atmosphere above the antenna, whereas the Jim-
sphere	follows	the	winds	as	it	ascends,	therefore	sampling	at	different	spatial	locations	with	altitude.	Comparisons	
were	made	from	tests	performed	in	the	summer	and	winter	seasons	to	capture	differing	atmospheric	wind	condi-
tions. Quantitative analysis consisted of calculating the RMS difference between the Jimsphere and DRWP. 	
From	the	summer	and	winter	season	profiles, the RMS difference between the Jimsphere and DRWP was 1.7 	
and 2.2 m/s, respectively (ref. 15-5). The RMS differences were also dependent on the velocity magnitude 	
as RMS values rose steadily with altitude to a maximum at the jet steam level. 
Since	DOL	loads analysis is a function of slowly varying (mean) and rapidly varying (turbulent) wind	
characteristics,	the	persistence	of	wind	features	has	been	studied	through	the	use	of	measured	wind	pairs	at	dis-
crete time intervals to identify the spectral boundary between mean	and	turbulent	wind	features.	Various	studies	
have utilized DRWP- and Jimsphere-measured wind pairs to identify slowly varying and turbulent wind	features	
(refs.	15-5	through	15-7).	The	methodology	of	extracting	these	features	from	an	altitude-dependent	profile is to 
perform	spectral	analysis	on	the	pairs.
	
A	wind	component	profile can be thought of as multiple spectral components in various vertical wave-
lengths representing an individual signal.  Contained within a sample wind	profile are fine structures (turbulence/
gusts) superimposed over a general trend (mean	wind).	Figure	15-6	shows	example	profiles made by the Jim-
sphere	at	discrete	times.
Quantifying	the	temporal	persistence	of	wind features from two time-varying profiles requires converting 
the	data	to	a	frequency	domain	and	performing	a	cross-spectrum	analysis.	A	product	of	the	cross	spectrum	is	the	
coherency	spectrum,	which	measures	the	correlation	between	the	two	signals;	e.g.,	profiles, at each wavelength 
(ref.	15-5).	The	square	of	the	coherency	can	range	between	zero	and	1	and	is	analogous	to	the	square	of	the	corre-
lation coefficient, except that the coherency is a function of wavelength (ref. 15-5). For a pair of points at a given 
wavelength, coherence-squared values approaching 1 are highly correlated, whereas values approaching zero are 
uncorrelated.	Highly	correlated	pairs	represent	persistent	wind components (slowly varying winds) while uncor-
related	pairs	are	characteristic	of	turbulent	wind components (rapidly varying winds).  




measured pairs increased, the spectral boundary between slowly and rapidly varying wind	components	increased.	
For	example,	wind components with a vertical wave number of ≈0.002	m–1 (wavelength of ≈500	m)	are		
coherently resolved for a lag time of 5 min (ref. 15-6). However, at 2 hr, the wind components with a vertical 
wave number of ≈0.00066	m–1 (wavelength of ≈1,500 m) were coherently resolved (ref. 15-7).
The DRWP was originally intended to replace the Jimsphere system for use in the derivation of trajec-	
tory	and	loads analysis in addition to monitoring upper-level winds in support of Shuttle launches. Concern over 
the	selection	of	the	incorrect	database	when	performing	DOL	load	updates,	and	the	cost	to	build	a	second	data-
base	from	DRWP	measurements,	resulted	in	the	Space	Shuttle Program office canceling the attempt to certify the 
DRWP	to	perform	DOL	Shuttle	loads	analysis	(ref.	15-9).	For	DOL	Shuttle support, the DRWP is used to provide 
persistence observations and compare with the general signature of the Jimsphere profiles. 
15.3  Postflight Evaluation
15.3.1  Introduction
 Because of the variable effects of the atmosphere on a large aerospace vehicle at launch and during flight, 
various meteorological parameters are measured at the time of each vehicle launch, including wind	and	thermody-
namic data at the Earth’s surface and up to an altitude of at least 36 km. To make the data available, meteorologi-
cal	tapes	are	prepared,	presentations	made	at	flight evaluation meetings, memoranda of data tabulations prepared 
and	distributed,	and	a	summary	written.	Reference	15-11	for	Space	Shuttle	STS-1	is	an	example	of	one	of	the	
reports	with	an	atmospheric	section.
15.3.2  Meteorological Data Profiles
 Shortly after the launch of each aerospace vehicle under the cognizance of MSFC, a meteorological 	
ascent	data	profile was prepared by combining the FPS-16 radar/Jimsphere wind	profile data and the rawinsonde 
wind	profile and thermodynamic	data	(temperature,	pressure,	and	humidity) observed as near the vehicle launch 
time as feasible. This was done under the supervision of MSFC’s Earth Science and Applications Division. 
The meteorological data were normally available within 3 days after launch time and provided data to ≈36	km	
(≈120,000	ft).	In	the	meteorological	data	profile, thermodynamic	and	wind data limit above the measured data 
are given by the range	reference	atmosphere	(ref.	15-12)	and	the	global	reference	atmosphere	model	(ref.	15-13)	
values. To prevent unnatural jumps in the data when the two types are merged, the data were carefully examined 
to	pick	the	best	altitude	for	the	merging,	and	a	ramping	procedure	was	employed.	The	meteorological	data	pro-
files were made available to all Government and contractor groups for their use in the space vehicle launch and 




tude.	(Altitude increments of 100 ft were chosen to provide maximum engineering utilization for use of the avail-
able	atmospheric	data	and	do	not	necessarily	represent	the	attainable	response	frequency	of	the	measurements.)	
Table	15-1	presents	the	parametric	format	of	the	L–0 atmospheric data profile that is assembled for flight evalua-
tion after each MSFC-associated vehicle launch.
15-12
	 Pad	winds	and	thermodynamic data were measured and recorded at different heights above the launch 	
pad starting several hours before launch time. Reference 15-14 summarizes atmospheric data observations 	
for	155	flights of MSFC-related launches. Records	and	summary	reports	are	maintained	on	the	atmospheric		
parameters for MSFC-sponsored vehicle test	flights conducted at KSC. Requests for summaries of these 	
atmospheric data or related questions on specific topics should be directed to the Natural Environments Branch, 
NASA	Marshall	Space	Flight	Center,	Marshall	Space	Flight	Center,	AL	35812.
Table	15-1.		Format	of	meteorological	data	profile.
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16.  CONVERSION UNITS
























































thickness of surface coating
Area
Volume
Fluid tank; water heating






















1 in = 2.54 cm = 25.4 mm
1 ft = 0.3048 m = 304.8 mm
1 yd = 0.9144 m = 914.4 mm
1 statute mile = 1.609 344 km
1 nautical mile (US) = 1.852 km
1 in = 2.54 cm = 25.4 mm
1 ft = 0.3048 m = 304.8 mm
1 yd = 0.9144 m = 914.4 mm
1 statute mile = 1.609 344 km
1 ft = 0.3048 m
1 in = 25.4 mm
1 microinch = 0.0254 μm
1 in2 = 645.16 mm2 = 6.4516 cm2
1 ft2 = 0.092 903 04 m2 
1 acre = 0.4047 hectare 
1 sq. mile = 2.590 km2
1 in3 = 16 387.064 mm3 
1 ft3 = 0.028 316 847 m3
1 yd3 = 0.764 554 86 m3
1 gal (dry) = 0.004 405 m3
1 ft3 = 28.317 L
1 gal (liquid) = 3.785 412 L



























kg/m (kilogram per meter)





g/L (gram per liter)
1 oz (avoir) = 28.349 52 g
1 lb (avoir) = 0.453 592 37 kg
1 long ton (2,240 lb) = 1016.047 kg
1 short ton (2,000 lb) = 907.1847 kg
1 long ton = 1.016 047 metric ton
1 short ton = 0.907 185 metric ton
1 lb/ft = 1.488 16 kg/m
1 lb/yd = 0.496 055 kg/m
1 lb/in3 = 27 679.9 kg/m3 
1 lb/ft3 = 16.018 46 kg/m3 
1 short ton/yd3 = 1186.5526 kg/m3 
1 lb/gal = 119.8264 kg/m3 























kg/m3 (kilogram per cubic meter)
kg/m3 (kilogram per cubic meter)
kg/m3 (kilogram per cubic meter)
kg/m3 (kilogram per cubic meter)
mg/g (milligram per gram)
kg m (kilogram meter)
kg m2 (kilogram square meter)
kg m/s (kilogram meter per second)
kg m2/s (kilogram square meter
per second)
kg/m2 (kilogram per square meter)
kg/m2 (kilogram per square meter)
t/m3 (tonne per 
cubic meter)
g/L (gram per liter)
g mm (gram  
millimeter)
t/m2 (tonne per 
square meter)
t/m2 (tonne per 
square meter)
1 slug/ft3 = 515.379 kg/m3
1 lb in2 = 0.000 292 64 kg m2 
1 lb ft2 = 0.031 140 kg m2 
1 lb ft/s= 0.138 255 kg m/s































Jet and rocket engine thrust
Rocket engine total impulse







Elastic limit; proportional limit; 
endurance limit
Modulus of elasticity; Young’s 
modulus; modulus of rigidity
Fracture toughness
Strain energy per unit volume
Torque; moment of force
Bending moment
Bending moment per unit length; 






N s (newton second)









mPa ⋅ m1/2 (megapascal meter1/2)
J/m3 (joule per cubic meter)
N m (newton-meter)
N m (newton-meter)
N m/m (newton-meter per meter)
N/m (newton per meter)
mN/m (milli-newton per meter)
1 lbf = 4.448 222 N
1 psi = 6.894 757 kPa
1 in H2O (39.2 °F) = 0.249 08  kPa
1 in H2O (60 °F) = 0.248 84  kPa
1 in Hg (32 °F) = 3.386 39  kPa
1 in Hg (60 °F) = 3.376 85  kPa
1 atmos (std) = 101.325 kPa
1 torr = 133.322 Pa = 0.133 32 kPa
1 psi = 6.894 757 kPa
1 ksi = 6.894 757 mPa
106 psi = 6894.757 mPa
1 ksi  in1/2 = 1.098 843 mPa ⋅ m1/2 
1 in lbf = 0.112 984 8 N m
1 in lbf = 1.355 818 N m
1 lbf ft/in = 53.378 66 N m/m 
1 lbf in/in = 4.428 222 N m/m




















































r/s (revolutions per second)
r/min (revolutions per minute)
rad/s (radian per second)
°s (degree per second)
rad/s2 (radian per second2)
m/s (meter per second)
km/hr (kilometer per hour)
km/hr (kilometer per hour)
km/hr (kilometer per hour)
m/s (meter per second)
m/s2 (meter per second2)
J (joule)
mJ (megajoule)








1 in3 = 16.387 064 cm3 
1 in4 = 41.623 1 cm4 
1 ft/s = 0.304 8 m/s
1 mile/hour = 1.609 344 km/hr
1 knot (US) = 1.8532 km/hr
1 mile/hour = 1.609 344 km/hr
1 mile/hour = 1.609 344 km/hr
1 ft/s = 0.3048 m/s
1 ft/min = 0.005 08 m/s
1 ft lb/f = 1.355 818 J
1 hp H = 2.6845 mJ


























Fuel tank filling rate (gravimetric)
Fuel consumption
Oil flow
kg/s (kilogram per second)
kg/s (kilogram per second)
g/s (gram per second)
m3/min (cubic meter per minute)
kg/s (kilogram per second)
g/s (gram per second)
g/s (gram per second)
kg/min (kilogram per minute)
kg/hr (kilogram per hour)
L/min (liter per minute)
kg/hr (kilogram per 
hour)
1 lb/hr = 0.000 125 998 kg/s
1 lb/min = 0.007 56 kg/s
1 lb/s = 0.453 59 kg/s
1 lb/min = 7.560 g/s
1 lb/hour = 0.4536 kg/hr
1 lb/s = 453.6 g/s
1 lb/min = 0.4536 kg/min












cm3/s (cubic centimeter per second)
L/min (liter per minute)
cm3/min (cubic centimeter per 
minute)
mPa s (millipascal second)
mm2/s (square millimeter per second)
L/s (liter per 
second)
1 in3/min = 0.273 cm3/s
1 U.S. gal/min = 0.063 08 L/s
1 U.S. gal/min = 3.785 L/min
1 in3/min = 16.39 cm3/min
1 lb/ft s = 1.488 164 Pa s
1 lbf s/ft2 = 47.880 26 Pa s


































Standard day temperature;  
ambient temperature
Coefficient of linear expansion
Quantity of heat
Heat flow per unit area
Heat flow rate
Heat rate
Density of heat flow rate
Thermal conductivity
Thermal conductance


















J/m2 (joule per square meter)
kW (kilowatt)
mJ/(kW hr) (megajoule per kilowatt 
hour)
W/m2 (watt per square meter)
W/(m K) (watt per meter kelvin)
W/(m2 K) (watt per square meter 
kelvin)
W/(m2 K) (watt per square meter 
kelvin)
mm2/s (square millimeter per second)
m K/W (meter kelvin per watt)
m2 K/W (square meter kelvin per 
watt)
kJ/K (kilojoule per kelvin)
kJ/(kg K) (kilojoule per kilogram 
kelvin)
kJ/(kg K) (kilojoule per kilogram 
kelvin)
kJ/K (kilojoule per kelvin)
kJ/(kg K) (kilojoule per kilogram 
kelvin)
J/(kg K) (joule per kilogram kelvin)
J/(mol K) (joule per mole kelvin)
J/kg (joule per kilogram)
mJ/kg (megajoule per kilogram)
J/kg (joule per kilogram)
°C (° Celsius)
°C–1 (°Celsius–1)
°C = (°F – 32)/1.8
K = °C + 273.15
1 Btu (60 °F) = 1.05468 kJ
1 Btu/hr = 0.293 071 W
1 Btu/(hp hr) = 1.415 kJ/(kW hr)
1 Btu/(h ft2) = 3.154 59 W/m2
1 Btu–in/ft2.hr °F  = 0.144 23 W/(m K)
1 Btu/(ft2.hr °F) = 5.678 26 W/(m2 K)
1 Btu/(lb °F) = 4.1868 kJ/(kg K)
1 Btu/°R = 1.8991 kJ/K
1 Btu/(lb °R) = 4.1868 kJ/(kg K)
1 ft lb/(lb °F) = 5.382 J/(kg K)
Ro = 8.3143 J/(mol K)





























































A/m2 (ampere per square meter)
V/mm (volt per millimeter)
V (volt)






S/m (siemens per meter)
C (coulomb)
F (farad)




H/m (henry per meter)
Wb (weber)
T (tesla)
A/m (ampere per meter)
A m2 (ampere square meter)
(coulomb meter)
1 A/in2 = 1.550 kA/m2 
1 hp (550 ft lbf/s) = 0.7457 kW
1 hp (metric) = 0.7355 kW
1 hp (electric) = 0.746 kW
1 Ah = 3,600.0 C
1 maxwell = 0.01 μWb
1 gauss = 0.1 MT
















lm/m2 (lumen per square meter)
lx (lux)
lx (lux)
cd/m2 (candela per square meter)
1 ft candle = 10.764 lx
1 foot lambert = 3.426 26 cd/m2 




























Static pressure, instantaneous 
sound pressure













kg/m3 (kilogram per cubic meter)
Pa (pascal)
m/s (meter per second)
m3/s (cubic meter per second)
m/s (meter per second)
W (watt)
W/m2 (watt per square meter)
Pa s/m (pascal second per meter)
Pa s/m3 (pascal second per cubic 
meter)
N s/m (newton second per meter)
Table	16-2.		SI	base	and	supplementary	units.	 Table	16-3.		SI	derived	units.
Table	16-1.		Preferred	metric	units	(Continued).




Energy; work; quantity 
  of heat
Power
Electric charge; quantity 
  of electricity
Electric potential; 





Magnetic flux density;  


































1 Hz = 1 s–1 
1 N = 1 kg m/s2 
1 Pa = 1 N/m2
1 J = 1 N m
1 W = 1 J/s
1 C = 1 A s
1 V = 1 W/A
1 F = 1 A s/V
1Ω = 1 V/A
1 S = 1 A/V
1 Wb = 1 V s
1 t = 1 V s/m2 
1 hr = 1 V s/A
1 lm = 1 cd sr









































































1 min = 60 s
1 hr = 60 min = 3,600 s
1 d = 24 hr = 86,400 s
1 wk = 7 d
1 mo
1 yr = 365.26 days
1°= (π/180) rad
1’ = (1/60) °
1” = (1/60)’
1 L = 1 dm3 = 10–3 m3
1 ha = 1 hm2 = 104 m2
1 Bar = 105 Pa
1 kWhr = 3.6 mJ
1 t = 103 kg
Table	16-5.		Prefixes	for	SI	units.
Factor by Which  
the Unit Is Multiplied
Prefix Factor by Which  
the Unit is Multiplied
Prefix






























































299,792.4580±0.0012 kilometer per second





International Standard ISO 1000, Third Edition, Amendment 1, 1998, “SI Units and Recommendations  
or the Use of Their Multiples and of Certain Other Units,” Reference Number: ISO 1000:1992/Amd.:1998(E), 
International Organization for Standards, Geneva, Switzerland, 1992.
ISO, “SI Guide—International System of Units,” English Edition 2, International Organization for 
Standardization, 2008.
List, R.J.: Smithsonian Meteorological Tables—Sixth Revised Edition, Smithsonian Misc. Collections,  
Vol. 114, Smithsonian Inst. Press, Washington, DC, Fifth Reprint, 1984. 
Mechtly, E.A.: “The International System of Units: Physical Constants and Conversion Factors,”  
NASA SP-7012, Second Revision, NASA, Washington DC, 1973. 
NASA Policy Directive 8010.2E, “Use of the SI (Metric) System of Measurement in NASA Programs,”  
<http://standards.nasa.gov>.  
Online conversion site containing thousands of conversions for quick online use, <http://www.onlineconversion.
com/>.
SI Guide - International System of Units, International Organization for Standards, Central Secretariat,  
Geneva, Switzerland, 2008. 
Taylor, B.N.: “Guide for the Use of the International System of Units (SI),” U.S. Department of Commerce, 
National Institute of Standards and Technology, NIST Special Publication 811, <http://physics.nist.gov/Pubs/
SP811/appenB8.html>, 1995 Edition.  
Taylor, B.N.: “The International System of Units (SI),” U.S Department of Commerce, National Institute  
of Standard and Technology, NIST Special Publication 330, <http://physics.nist.gov/Pubs/SP330/sp330.pdf>,  
2001 Edition. 
REPORT DOCUMENTATION PAGE Form ApprovedOMB No. 0704-0188
The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operation and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. 
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid 
OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.
1.  REPORT DATE (DD-MM-YYYY) 2.  REPORT TYPE 3.  DATES COVERED (From - To)
4.  TITLE AND SUBTITLE 5a.  CONTRACT NUMBER
5b.  GRANT NUMBER
5c.  PROGRAM ELEMENT NUMBER
6.  AUTHOR(S) 5d.  PROJECT NUMBER
 
5e.  TASK NUMBER
5f.   WORK UNIT NUMBER
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION
     REPORT NUMBER
9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITOR’S ACRONYM(S)
11.  SPONSORING/MONITORING REPORT NUMBER
12.  DISTRIBUTION/AVAILABILITY STATEMENT
13.  SUPPLEMENTARY NOTES
14.  ABSTRACT
15.  SUBJECT TERMS
16.  SECURITY CLASSIFICATION OF:
a.  REPORT             b.  ABSTRACT        c.  THIS PAGE
17.  LIMITATION OF ABSTRACT 18.  NUMBER OF 
       PAGES
19a.  NAME OF RESPONSIBLE PERSON
19b.  TELEPHONE NUMBER (Include area code)
Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18
Terrestral Envronment (Clmatc) Crtera Gudelnes for Use
n Aerospace Vehcle Development, 2008 Revson
D.L. Johnson, Edtor
George C. Marshall Space Flght Center
Marshall Space Flght Center, AL  35812
Natonal Aeronautcs and Space Admnstraton
Washngton, DC  20546–0001
Unclassfied-Unlmted
Subject Category 46
Avalablty: NASA CASI (443–757–5802)




envronment crtera, terrestral envronment, surface extremes, wnd, temperature, humdty, precptaton, densty, pressure, 
atmospherc electrcty, cloud cover, control systems, geology, sea state, severe storms, consttuents, radaton, dffuson, models
01–12–2008
STI Help Desk E-mal: help@st.nasa.gov
STI Help Desk: 443–757–5802
U U U
Ths document provdes gudelnes for the terrestral envronment that are specfically applcable n the development of desgn requrements/specficatons for NASA aero-
space vehcles, payloads, and assocated ground support equpment. The prmary geographc areas encompassed are the John F. Kennedy Space Center, FL; Vandenberg 
AFB, CA; Edwards AFB, CA; Mchoud Assembly Faclty, New Orleans, LA; John C. Stenns Space Center, MS; Lyndon B. Johnson Space Center, Houston, TX; George 
C. Marshall Space Flght Center, Huntsvlle, AL; and the Whte Sands Mssle Range, NM. Ths document presents the latest avalable nformaton on the terrestral 
envronment applcable to the desgn and operatons of aerospace vehcles and supersedes nformaton presented n NASA-HDBK-1001 and TM X-64589, TM X-64757, 
TM-78118, TM-82473, and TM-4511. Informaton s ncluded on wnds, atmospherc thermodynamc models, radaton, humdty, precptaton, severe weather, sea state, 
lghtnng, atmospherc chemstry, sesmc crtera, and a model to predct atmospherc dsperson of aerospace engne exhaust cloud rse and growth. In addton, a secton 
has been ncluded to provde nformaton on the general dstrbuton of natural envronmental extremes n the contermnous Unted States, and world-wde, that may be 
needed to specfy desgn crtera n the transportaton of space vehcle subsystems and components. A secton on atmospherc attenuaton has been added snce measure-
ments by sensors on certan Earth orbtal experment mssons are nfluenced by the Earth’s atmosphere. There s also a secton on msson analyss, prelaunch montorng, 
and flght evaluaton as related to the terrestral envronment nputs. The nformaton n these gudelnes s recommended for use n the development of aerospace vehcle 
and related equpment desgn and assocated operatonal crtera, unless otherwse stated n contract work specficatons. The terrestral envronmental data n these gude-
lnes are prmarly lmted to nformaton below 90 km alttude.
UU 856
The NASA STI Program…in Profile
 Since its founding, NASA has been dedicated  
to the advancement of aeronautics and space 
science. The NASA Scientific and Technical 
Information (STI) Program Office plays a key  
part in helping NASA maintain this important role.
 The NASA STI program operates under the 
auspices of the Agency Chief Information Officer. 
It collects, organizes, provides for archiving, and 
disseminates NASA’s STI. The NASA STI program 
provides access to the NASA Aeronautics and 
Space Database and its public interface, the NASA 
Technical Report Server, thus providing one of the 
largest collections of aeronautical and space science 
STI in the world. Results are published in both non-
NASA channels and by NASA in the NASA STI 
Report Series, which includes the following report 
types:
• TECHNICAL PUBLICATION. Reports of 
completed research or a major significant 
phase of research that present the results of 
NASA programs and include extensive data 
or theoretical analysis. Includes compilations 
of significant scientific and technical data 
and information deemed to be of continuing 
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but has less 
stringent limitations on manuscript length and 
extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientific 
and technical findings that are preliminary or of 
specialized interest, e.g., quick release reports, 
working papers, and bibliographies that contain 
minimal annotation. Does not contain extensive 
analysis.
• CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees.
• CONFERENCE PUBLICATION. Collected 
papers from scientific and technical conferences, 
symposia, seminars, or other meetings sponsored 
or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientific, technical, 
or historical information from NASA programs, 
projects, and missions, often concerned with 
subjects having substantial public interest.
• TECHNICAL TRANSLATION. English-
language translations of foreign scientific and 
technical material pertinent to NASA’s mission.
 Specialized services also include creating  
custom thesauri, building customized databases,  
and organizing and publishing research results.
 For more information about the NASA STI 
program, see the following:
• Access the NASA STI program home page at 
<http://www.sti.nasa.gov>
• E-mail your question via the Internet to  
<help@sti.nasa.gov>
• Fax your question to the NASA STI Help Desk 
at 301– 621–0134
• Phone the NASA STI Help Desk at  
301– 621–0390
• Write to:
 NASA STI Help Desk
 NASA Center for AeroSpace Information
 7115 Standard Drive
 Hanover, MD  21076–1320
NASA/TM—2008–
Terrestrial Environment (Climatic) Criteria 
Handbook for Use in Aerospace Vehicle  
Development, 2005 Revision
D.L. Johnson, Editor





George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama
35812
